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INTRODUCTION 
We are looking closely at our renewable natural resources because of 
their limited supply. Wood is one of the few important renewable natural 
resources which may be part of the solution to future energy, human food, 
animal food shortages. Methanol produced from wood can be added to 
gasoline at the ratio of up to 15 percent and will improve the automobile's 
performance, or a car can be designed to operate on pure methanol (Reed 
and Lemer, 1973). Between 5 and 15 percent screened wood sawdust mixed 
with the other ingredients for beef cattle appears practical (Baker et al., 
1975). But wood is needed for construction materials, pulp and paper, 
rayon, plastics, and in other wood industries and these uses are very 
competitive with its use for energy, human food and animal food. The 
projections indicate that in the year 2000, world wood consumption will 
be doubled. In the U.S.A., the per capita consumption of pulp and paper 
products is 531 pounds and lumber 208 pounds. Because of the short supply 
and competition for wood fiber, scientists are trying to find the best 
way to produce more fibers per year per unit area to meet the increasing 
demand. Some of the alternative methods of producing high volumes of 
fibers are: recycling wood and paper, using more hardwoods, eliminating 
logging and manufacturing residuals, complete tree utilization, selecting 
fast-growth trees, short rotation, and more efficient use of the tree. 
The fertilization and irrigation of the forest have been considered to 
produce high fiber volume. However, the short rotation forestry practices 
have been focused upon the possibility of improving fiber yield, by using 
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fast growing species. Some conifers and hardwood species have a higher 
fiber yield per year per unit area in a short rotation than in a longer 
rotation period. Also, management costs may decrease because of the 
availability of heavy equipment for intensive silviculture including site 
preparation, planting, cultivation, thinning and harvesting (Schreiner, 
1970). 
The first problem is the selection of a tree species or clone that 
will grow well using a short rotation and will give a high yield of fiber. 
Because there are about 800 woody plants growing in North America, if 
clones and hybrids are included, the numbers to select from becomes almost 
infinite (Dickmann,1975). The second problem is that the tree breeders 
often consider only high yield for tree selection, but do not think of 
fiber quality which is one of the most important use characteristics. 
The anatomical properties of woods influence their utilization 
for intended use (Englerth, 1966; McElwee et al., 1970). For example, 
in sycamore (Plantanus occidentalis L.) specific gravity and the pro­
portion of ray tissue are positively correlated (Taylor, 1975). Therefore, 
increasing specific gravity by fertilization or irrigation increases ray 
content which is undesirable for present uses of the wood. Tension wood 
has excessive longitudinal shrinkage and adverse effect on paper strength 
properties. Isebrands and Bensend (1972) concluded that Populus trees 
have tension wood even in straight stems and this should be considered in 
species or clones selection. 
In general, fiber length influences most pulp strength characteristics. 
Fiber diameter has an effect on sheet formation, fiber bonding, fiber 
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rigidity and mobility. Thick cell walls give coarse bulky sheets, rough 
sheet surface and decrease in burst and tensile strength. Wood containing 
many vessels have reduced fiber yields, and lower the inter-fiber bonding 
in the paper. Pits are primary control elements of the movement of liquids 
and gases in and out of wood during the various wood manufacturing pro­
cesses, such as wood drying, preserving and pulping (Koran, 1974). 
European black alder (Alnus glutinosa L. Gaertn.) is recognized as 
one of the fast growing species for high fiber yield production. It is 
also known that it fixes atmospheric nitrogen in its roots as root-nodules. 
Therefore, European black alder is desirable for short-rotation forestry. 
In addition, it can be planted on less favorable sites for spoil-bank 
reclamation because of its nitrogen fixing ability. Fast growing trees, 
such as European black alder, are essential to eliminate erosion and to 
improve the aesthetic qualities of the landscape on spoil-banks and badly 
eroded areas. 
Considering the above discussion, European black alder (Alnus glutinosa 
L. Gaertn,) is one of the important species for high fiber production. 
Therefore, its anatomical characteristic must be known to help the tree 
breeders with the selection and the extended future use by the industry. 
The research reported in this thesis is a part of a larger Iowa State 
University Agricultural Experiment Station project dealing with the 
feasibility of growing European black alder in the Midwest for intensive 
fiber production. Since only two trees were used, the data obtained does 
not represent the whole population of black alder but does give important 
leads on variables to be studied in future research projects. 
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OBJECTIVES 
The objectives of this study were: (1) to determine the basic wood 
properties of European black alder (Alnus glutinosa L« Gaertn.) including 
specific gravity, fiber length, and proportion of wood elements (i.e., 
percent rays, percent longitudinal parenchyma, percent vessels, and percent 
fibers, the number of longitudinal parenchyma cells and vessels per unit 
area); (2) to compare the wood properties between the roots, branches, 
and three different stem heights; (3) to compare the wood properties 
between age groups (growth rings) at a given location within a tree; (4) to 
determine the relationship between the various wood properties; (5) to 
define the anatomical characteristics in the root, stem, and branch; and 
(6) to examine the above comparative anatomy and related wood properties 
for potential fiber production. 
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LITERATURE REVIEW 
To meet the rapidly increasing demands for wood and wood fibers, more 
intensive silviculture practices are needed. Using fast growing species, 
in short rotations, is one of the best ways to satisfy increased fiber 
needs. European black alder (Alnus glutinosa L. Gaertn.) is one of the 
most promising short rotation species. It is widely distributed in Europe, 
North Africa, Turkey, the northern part of Persia, Siberia and Japan. It 
will grow on acid soils as well as the rich valley soils of river flood 
plains. It is also accepted in the U.S.A. as a fast growing species (Kohnke, 
1941; Schreiner, 1970; Dickmann, 1975). It grows in either pure or mixed 
stands with other species and thrives at sea level or altitudes of 289 
meters in Norway and 1200 meters in Turkey (McVean, 1953; Kayacik, 1967). 
In addition to its fast growth, European black alder is used as a 
nurse tree in mixed plantations due to its ability to fix atmospheric 
nitrogen in nodules on its roots. Virtanen, as reported by Becking (1970), 
has found that a density of 5 plants per square meter of European black 
alder accumulates nitrogen in the soil to the amount of 700 kilograms per 
hectar. In Europe, it has been planted with other fruit and forest trees to 
improve yield. Delver and Post (1968) found that mixed plantation of Euro­
pean black alder and apple trees improved shoot growth in the apple trees. 
He estimated that a 11 and 28 percent root overlap between alder and apple 
trees would be equal to 28 and 48 kilograms of nitrogen fertilization per 
hectar respectively. Red'ko (1958) reported similar favorable influences 
on the Canadian poplar (Populus canadensis Mach.) when planted with 
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European black alder. Dale (1963) found that five coniferous and five 
hardwood species increased height growth 4 to 50 percent when planted in 
alternate rows with European black alder. 
One problem is that planting on spoil-banks or sandy and unstable 
eroded sites with very low pH and little or no organic matter has not 
been successful. In Europe, European black alder has been planted on 
unfavorable areas as a pioneer species because it has rich foliage, grows 
in acid soils, and hf.s the ability to build up soil nitrogen. Kohnke (1941) 
cited Heusohn's findings that pure pine tree plantations on poor sandy 
soils made slow growth and the yield was not more than mine timber quality, 
but in mixed pine and alder plantations, pine developed quickly and became 
sound timber trees. On strip-mined land in Hocking County, Ohio, it 
has been found that survival and growth of European black alder are 
excellent after three years in the plantation (Funk and Dale, 1961). 
Similar survival and growth of a five-year-old European black alder 
plantation was found on a strip-mined area in eastern Kentucky (Dale, 
1963). Also, European black alder (Alnus glutinosa L. Gaertn.) and 
speckled alder (Alnus incana L. Moench.) are found to be superior to black 
locust (Robinia pseudoacacia L.), sycamore (Platanus occidentales L.), 
tuliptree (Liriodendron tulipifera L.), ash (Fraxinus spp.), cottonwood 
(Populus deltoides Marsh.), silver maple (Acer saccharinum L.), and red 
maple (Acer rubrum L.) on Ohio coal spoils (Lowry et al., 1962). 
European black alder is believed to grow in both dry and wet sites 
because of its surface and deep root systems. McVean (1956) reports that 
the alder's survival is superior to that of most other species under 
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conditions of a changing water table. In addition to surface and deep 
root systems, it produces adventitious roots from the bole when water 
rises above the soil surface. This may be another attractive feature of 
European black alder where plantation flooding and waste water disposal 
become a problem. 
On severely eroded sites,plantations are necessary to stablilize the 
soil from erosion and to improve aesthetic qualities. One possible 
alternative is to use intensive fertilization and irrigation management 
practices. An application of 78 kilograms of nitrogen per hectar doubled 
the volume of loblolly pine (Pinus taeda L.) as compared to non-fertilized 
plantations on South Carolina Piedmont heavy clay subsoil (Van Lear et al., 
1973). Irrigation and fertilization of Yellow-poplar (Liriodendron 
tulipifera L.) improved radial growth by 30 percent at Central Peninsula, 
Tennessee (Thor and Core, 1977). Similar improvement has been found in 
Florida Sandhills slash pine (Pinus elliottii Engelm. ) plantations (Baker, 
1973). However, the rising costs of nitrogen and labor may force increased 
plantation of nitrogen-fixing woody plants which do not need fertilization. 
European black alder is the most well-known of the 190 species which fix 
nitrogen. 
According to the literature, European black alder has been used as 
both a wood and fiber source. For example, plywood, veneer, furniture, 
turnery and charcoal production have been made in Europe from alders for 
a long time. It is used for plywood, millwork, veneer, furniture, cabinet 
work, boxes, fence and posts in Turkey (Gursu, 1967). It has been 
speculated that alder wood is a source of small sawtimber, pulpwood, and 
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posts and it produces more commercial timber and wood fiber than black 
locust (Robtnla pseudoacacia L,) (Funk and Dale, 1961; Lowry et al., 1962). 
In the dry and wet cycle, the wood is very susceptible to decay, but if 
kept dry or submerged in water, its life is infinite. 
Alnus glutinosa L. Gaertn. is in the Betulaceae family. Alnus spp. 
range in size from a shrubby form to the height of 30 meters. Species 
include Alnus glutinosa» Alnus rugosa, Alnus serrulata. Alnus maritina, 
Alnus barbata. Alnus orientalis and many hybrids (Femald, 1950; Kayacik, 
1967). Alnus glutinosa L. Gaertn. is known by different names in different 
countries. These include: common alder, black alder and red alder in 
Europe, and European alder or European black alder in the U.S.A. The 
author suggests that European black alder may be the best name for Alnus 
glutinosa L. Gaertn. because of the wide varieties of Alnus spp. and 
their hybrids which are included if the name European alder is used. 
In the near future, the planting of more European black alder is 
expected. It is capable of fast growth, quick regeneration from stump 
sprouts and grows under diverse conditions. It will grow on dry acid soil 
as well as on wet rich valley soil. Thus, it can be planted either as a 
short rotation species or because of its nitrogen fixing ability as a soil 
quality improvement species. Therefore, anatomical properties as well as 
density and fiber length must be obtained through research. There is an 
existing direct relationship between anatomical characteristics of a tree 
and its suitability for specific products or any extended use. 
Many investigators conclude that wood density influences strength 
properties of wood, pulp yields, and pulp quality. Density of wood is 
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mass of wood per unit volume and has a strong relationship with the 
specific gravity, therefore, they are used interchangeably in this paper. 
Wood density higher than 0.450 grams per cubic centimeter decreases all 
paper strength properties with the exception of tearing strength (Horn, 
1974). Also, he concluded that the original wood density had a strong re­
lationship to the number of fibers per gram of pulp which in turn indicates 
pulp quality (Horn, 1972). Strong relationships were reported between wood 
density, surface smoothness and the bulk properties of paper in the 
utilization of eucalypts and tropical hardwoods (Higgins et al., 1973). 
But wood density is not a pulp fiber property because it does not 
provide any information about the distribution and proportion of various 
wood elements. It is only the measure of the total amount of cell wall 
material plus extractives per unit volume of wood. However, wood density 
is accepted as one of the most important gross wood characteristics along 
with early and late wood percentages and growth ring width, and can be 
measured much more easily than the complete anatomical analysis. 
Nevertheless, the advantages of wood density may be overestimated because 
selecting tree species or applying fertilizer may increase density due to 
increased ray tissue or extractive content in the wood which are not 
desirable in many of today's industrial uses. For example, white cedar 
(Thuya occidentalis L.) growing on lime stone soil has higher specific 
gravity and ray volume than when it grows on peat bog (Harlow, 1927). 
Taylor (1969) reports that the specific gravity of rays is greater than 
that of other wood elements. In sycamore (Plantanus occidentalis L.), 
the specific gravity is found to be highly correlated with the proportion 
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of ray tissue (Taylor, 1975). Also, Taylor found that there was a non­
significant relationship between growth rate and specific gravity for 
sycamore (Plantanus occidentalls L.) and black willow (Salix nigra Marsh.). 
In spite of higher density, species having a high extractive 
content result in low pulp yield and cause difficulties during pulping. 
An extractive content of 15 percent was found in Western Larch (Larix 
occidentalis Nutt.) (Giwa and Swan, 1975). Larix species, generally, 
have a high extractive content which makes up a significant portion of 
the wood density. Therefore, a tree with a high specific gravity due to 
high extractive or ray content does not increase the amount of usable 
fiber because extractives and rays are wasted in most current industrial 
pulping. 
On the contrary, wood specific gravity has been selected by tree 
breeders to classify tree quality. Stairs et al. (1966) found that there 
were no differences in wood specific gravity between slow and fast growing 
Norway spruce (Picea abies K.), but fast growing trees produced better 
quality paper and higher yield. Also, wood specific gravity varies within 
the same species growing in different geographic locations and even 
varies within the same tree from pith to bark and at different heights. 
Major southern pine species showed some differences in mean specific 
gravity with respect to different locations and even greater differences 
among individuals at the same location (Saucier and Taras, 1969). 
Specific gravity decreased with increasing height in Pinus ponderosa 
(Markstrom and Yerkes, 1972). Specific gravity and fiber length have 
been found to increase from pith to bark in Liriodendron tulipifera 
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(Thorbjornsen, 1961). Similar specific gravity variations within the same 
tree has been found in Acer saccharinum (Kandeel and Bensend, 1969). 
Wood density is a practical estimation of wood quality because of its 
strong relationship with wood substances, but knowing the anatomical 
properties is necessary to define wood quality for extended use. For 
example, thin-walled short fibers possessing easy collapsibility produce 
modern printing papers with smooth surfaces. On the other hand, thick-
walled fibers produce bulky and weak paper because they do not collapse 
but keep their original rounded shape during sheet formation. Transforma­
tion ability of fibers from their original cross-sectional shape to a 
flatter form during the papermaking process is called collapsibility and 
is an important physical property influencing paper quality (Page, 1967). 
In Kraft paper made from Loblolly pine, summer wood cell wall thickness 
was found to be the best single predictor of paper properties (Barefoot 
et al., 1964). Uncollapsed and partly collapsed fibers in paper from 
balsam fir (Abies balsamea L. Mill.) showed a weak and porous sheet 
structure because the available contact area between fibers was limited 
(Horn and Simmonds, 1968). In addition to fiber characteristics, other 
wood elements including ray parenchyma, longitudinal parenchyma, and 
vessel member are very important for today's wood utilization, especially 
in the pulp and paper industry. It is generally known that vessels, 
longitudinal parenchyma and ray parenchyma are not desirable because 
of their negative influence on paper properties and yield. The lignin 
composition of vessels, ray and longitudinal parenchyma is very high which 
in turn makes pulping slower (Wardrop, 1963; Fergus and Goring, 1969). 
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Also, parenchyma cells are known to wash away during the screening of pulp 
which results in a lower pulp yield. Vessels result in a poor ink 
impression and are easily pulled out in paper and, thus, are not desirable. 
Ease of penetrability is another important property of wood which 
plays an important role in drying and preserving of wood, and predicting 
pulping behavior. The path of penetration is found to proceed from the 
vessels through the pits and then along the rays and longitudinal 
parenchyma, and finally to the fibers (Wardrop, 1963). Wardrop also 
speculated that diffuse porous species are better than ring porous 
species in pulping because they have more uniform penetration. The path 
of penetration of liquid in conifers is largely dependent upon the bordered 
pit pairs because of the lack of openings in the half-bordered pits which 
occur between tracheids and ray parenchyma cells (Côté and Krahmer, 1962). 
Therefore, the distribution and amount of wood elements (i.e., ray 
parenchyma, longitudinal parenchyma, fibers, and vessels) are closely asso­
ciated with the penetrability of wood as well as with strength properties. 
In addition, large amounts of tyloses (i.e., an outgrowth of a parenchyma 
cells into the vessel's lumen) may make treatability of wood very difficult. 
In addition to the importance of the distribution and proportion of 
wood elements, difficulty may be caused by tension wood formation on the 
upper side of branches and leaning stems in hardwoods. It differs from 
normal wood in chemical composition and in the structure of the fibers, 
which contain an internal unlignified gelatinous layer. The corresponding 
abnormal wood in conifers is named compression wood and in contrast it 
occurs mostly on the underside of leaning trunks and branches and has a 
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high lignin concentration. Both tension wood in hardwoods and compression 
wood in conifers are known as reaction wood and play an active role in the 
recovery of bent stems and branches to their original positions. 
Anatomically, tension wood is characterized by gelatinous fibers 
which have an inner unlignified gelatinous layer. The utilization of wood 
with a high proportion of gelatinous fibers presents many difficulties to 
manufacturers and lumber users. Long projecting fibers on the lumber 
surface occur after sawing and to some extent even after planing. Warping 
due to excessive longitudinal shrinkage, and collapse during drying also 
occur (Bensend, 1957; Lassen, 1959; Schumann and Pillow, 1969; Arganbright 
et al., 1970; Bensend, 1972; Scurfield, 1973; Bensend, 1974). The adverse 
effects of gelatinous fibers on paper strength and paper quality due to 
less collapsibility are generally well-known and accepted. 
Problems with tension wood point out the need for developing early 
detection methods that can be used by the lumber, furniture, and paper 
industries. The presence of reaction wood is often associated with 
eccentric growth (Berlyn, 1961; Schumann and Pillow, 1969; Chow, 1971; 
Time11, 1973; Scurfield, 1973). Conversely, however, tension wood occurs 
on all sides of straight trees. In Eastern Cottonwood (Populus deltoides 
Bartr.), gelatinous fibers have been found in straight trees. From this, 
it can be concluded that lean and growth eccentricity are not associated 
with tension wood formation, although more tension wood occurs on the upper 
side of a leaning tree as the lean increased (Bensend, 1957; Lassen, 1959; 
Bensend, 1972; Isebrandsand Bensend, 1972). Similar research on different 
hardwood species support the above findings, including Acer saccharinum L. 
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(Arganbright and Bensend, 1968; Arganbright et al., 1970) and Quercus 
falcata Michx. (Burkart and Cano-Capri, 1974). Thus, the occurrence of 
gelatinous fibers in trees must be considered in tree improvement and 
selection programs. 
Reports on smaller amounts of tension wood formation in certain 
young trees give support to research work directed toward increasing 
potential fiber production and achieving short rotation forestry. This 
will help meet the present and future increasing fiber demand for pulp 
and paper products and wood composites. The amount of tension wood in 
Cottonwood increases with age (Berlyn, 1961; Bensend, 1972; Isebrands and 
Bensend, 1972). Bensend (1972) also suggested that young cottonwoods having 
less tension wood formation could be used for pulp and paper if managed in 
short rotations. On the other hand, if dissolving pulp is a management 
concern, tension wood may be the best material to use because of a smaller 
lignin concentration as compared to normal wood. 
One of the big concerns in short rotation management is that trees 
produce more juvenile wood in early years which affects their utilization. 
It is generally known that juvenile wood differs from mature wood both in 
anatomical and chemical composition. For example, fiber length and 
density increases from pith to bark in many hardwoods and conifers 
including sycamore (Platanus occidentalis) and sweet gum (Liquidambar 
styraciflua) (McElvee et al., 1970; Chow, 1971), some conifers and hardwoods 
(Panshin and DeZeeuw, 1970), yellow poplar (Liriodendron tulipifera) 
(Thorbjomsen, 1961), Southern pine (Ifju, 1969), black willow (Salix nigra 
Marsh) and sycamore (Platanus occidentalis L.) (Taylor, 1975), and Japanese 
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larch (Larlx leptolepsls) (Isebrands and Hunt, 1975). Also, branches are 
important in whole tree utilization. A study of 22 hardwood species 
* 
growing on southern pine sites showed that stem fibers were 24.4 percent 
longer than branch fibers (Manwiller, 1974). 
In paper formation, wood is separated into individual cell components 
during the pulping processes and then matted together. Fiber length is 
believed to be the most important factor in paper strength (Watson and 
Dadswell, 1961; Dinwoodie, 1966; McMillin, 1969). However, contradicting 
evidence shows that fiber length is not as important as earlier suspected. 
For example, Marton et al. (1965) concluded that length of fibers did not 
have any adverse affect on strength and optical properties of the paper. 
Page et al. (1972) came to the conclusion that fiber length was not related 
to paper strength. Instead, it appeared that fiber angle controlled paper 
strength. Pulp from short fibers of Norway spruce (Picea abies K. ) showed 
higher strength than that of longer fibers (Stairs et al., 1966). Horn 
(1972) did not find any relationship between fiber length and paper proper­
ties, and he speculated that other fiber morphalogical properties (i.e., 
cell wall thickness, and fibril angle) must have a greater influence on 
paper properties. In addition, hardwoods containing shorter fibers than 
conifers have been widely used in pulp and paper production. Also, 
rapidly growing young hardwood species are reported to have no adverse 
affect on paper properties. For example, young sweet gum and young oak 
produced as good quality paper as mature woods and also used the same 
amount of chemicals in the pulping and bleaching processes (Barker, 1974). 
One to five year old poplar hybrids of Wisconsin No. 5 showed good pulp 
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quality and yield (McGovern et al., 1973). 
Since the European black alder (Alnus glutinosa L. Gaertn.) is under 
consideration for short rotation plantations, spoil-bank reclamation, and 
use for soil quality improvement as nurse trees, knowledge of its 
anatomical properties is needed. A well-accepted relationship exists 
between wood anatomy and its extended utilization. In this research, 
anatomical properties (i.e., percent ray, percent axial parenchyma, percent 
fiber, and percent vessels) as well as specific gravity and fiber length 
were studied in European black alder. Roots, branches, and different 
heights in the stem were considered to support the potential for applying 
the whole-tree utilization concept to European black alder. 
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MATERIAL AND METHODS 
Plant Material 
Samples of two European black alder (Alnus glutinosa L. Gaertn.) 
growing on an alluvial plain along the Des Moines River near the 4-H Camp 
in Luther, Iowa, were collected on June 2, 1975 and on August 26, 1975. 
They were originally planted as a nurse crop for a black walnut (Juglans 
nigra) plantation. Straight, healthy trees without visible defects or 
stem sprouts were selected to minimize variation in specific gravity, fiber 
length, and anatomical characteristics. 
The first sample tree was 23.5 feet in height and 10.75 inches in 
diameter at four feet above the ground. The second was 25.75 feet in 
height and 10.5 inches in diameter at four feet above the ground. They 
were 8 years old, but the last year's growth of the first tree was not 
studied because it was cut early in the growing season. Soil was excavated 
to collect root samples. During the root collections, many root nodules 
were observed close to the soil surface and fewer nodules were found as 
the depth increased. Also, well-developed surface and deep roots were 
observed. However, a definite top root was not observed. Small diameter, 
steep angle and irregular oriented branches were characteristic. 
Sampling Technique 
After the roots were excavated and the tree felled, sample cross-
sectional disks were cut from roots, branches, and three different heights 
in the main stem (four inches above the ground, one-third of total stem 
height, and two-third of total stem height) (Figure 1). However, if the 
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samples were near a branch or lateral root, the cross-sectional sample 
disk was shifted downward in the stem and upward in the root to eliminate 
any anatomical abnormalities. Each disk was cut three inches long to study 
fiber length, specific gravity, proportional wood elements (i.e., percent 
ray parenchyma, longitudinal parenchyma, vessels, and fibers), number of 
vessels and number of longitudinal parenchyma per unit area (Figure 1). 
One disk from roots, one disk from branches, and three disks from the 
three different heights in each tree were taken and immediately sealed 
in a plastic bag and transferred to the laboratory. Therefore, a total of 
five disk samples were collected from each tree. The sangle disks within 
plastic bags were stored in a freezer until they were ready for further 
examination. 
Laboratory Measurements 
Specific gravity, fiber length, proportion of wood elements, 
gelatinous fibers, and anatomical characteristics were studied for each 
three inch long sample disk. To obtain those characteristics, each 
sample disk was subsampled by dividing it into three one inch long cross-
sectional subsamples. Fiber length measurements were conducted on the 
upper subsample. No. 1; specific gravity measurements on the middle 
subsample, No. 2; and the anatomical study and proportion of wood elements 
determination on the lower subsample. No. 3 (Figure 1). 
Specific Gravity 
Wood specific gravity is defined as the ratio of the weight of the 
ovendry wood to the weight of an equal volume of pure water at 4°C. This 
Figure 1. Sampling technique of roots, branches, and three different heights of stem 
From each location 3" long cross-sectional disks were cut, and each disk 
was divided into three 1" long smaller subsample disks. No. 1 for fiber 
length. No. 2 for specific gravity, and No. 3 for anatomical study and 
proportion of wood elements 
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volume is equal to the volume of wood at some specified moisture content 
(i.e., dry, green, or some intermediate condition below the fiber 
saturation point) (Smith, 1954; Kollmann and Cote, 1968; Koch, 1972). The 
total amount of water in wood including bound water in cell wall, water 
vapor and free water in cell cavities is referred to as the moisture 
content of wood. It is usually expressed as a percentage of the ovendry 
weight of wood. Wood is a hygroscopic substance and it gains and loses 
moisture as a result of changes in humidity and temperature of the sur­
rounding atmosphere. When the cell walls are completely saturated by 
bound water but no water exists in cell cavities, the wood is said to 
be at the fiber saturation point. This is about 30 percent moisture 
content for most of the hardwoods and conifers. Beyond the fiber 
saturation point, increased moisture content in wood does not affect 
the physical and mechanical properties of wood other than weight increase. 
On the other hand, below the fiber saturation point, many changes occur 
in wood. 
Specific gravity has been accepted as a simple index to determine 
wood quality for strength and pulp yields. Therefore, the specific gravity 
or density of most tree species is reported in the literature. Wood 
density is defined as its mass per unit volume. It differs from specific 
gravity because density is expressed as weights (pounds, grams, kilograms) 
per unit volume (cubic foot, cubic centimeter, cubic meter). But, specific 
gravity is a pure number indicating relative density. The simple method 
of determining the density of wood is to weigh it and then find its volume. 
However, obtaining the volume of irregular shaped, or very small samples is 
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very difficult and needs expensive equipment. Therefore, water immersion, 
mercury displacement, and photometric methods are used to obtain its volume 
(Kollmann and Côté, 1968). Thus, specific gravity in terms of density has 
been used as a standard reference index (Anonymous, 1974) because it is 
easy to obtain with less expensive equipment and gives high accuracy. 
Also, the maximum moisture method enables one to determine specific 
gravity for small samples without any need to obtain the sample volume 
(Smith, 1954). This method is based on green weight and ovendry weight of 
sample. It requires maximum water in the wood saiiq>les which means that 
all cell walls are saturated with bound water and cell cavities are filled 
with water with no air bubbles or water vapor present. 
Specific gravity was determined in this study by using a slight 
modification of the maximum moisture content method outlined by Smith (1954). 
This modification was the application of alternate vacuum and pressure to 
obtain easy penetration of water into wood. The derivation of the 
maximum moisture content method formula from Smith (1954) is as follows: 
a) By definition, the specific gravity formula is: 
(1) 
or 
=-|2- (2) 
"o 
Where and are the specific gravities based on green and 
ovendry volumes; is ovendry weight of sample in grams; is 
green volume in cubic centimeters which is an equal volume of 
water in grams; and is ovendry volume in cubic centimeters 
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which is equal to the weight of the displaced volume of water. 
b) The density of ovendry solid cell wall substances has been 
determined to be between 1.50 and 1.56 grams per cubic centimeter 
for most of the hardwoods and conifers. 
c) The moisture content formula is; 
(3, 
o 
Where, is the weight of water saturated wood in grams; is 
ovendry weight of sample in grams ; and is maximum moisture 
content in grams of water per gram of ovendry wood, is 
the total amount of water in a given sample in grams. 
d) One gram of water equals to one cubic centimeter at 4°C, thus the 
moisture content formula can be written for completely saturated 
wood as follows: 
or 
= S - ^  <5) 
Where, is volume of solid dry cell wall materials in cubic 
centimeters; and (V^ - is the total amount of water in the 
sample in grams. 
e) Comparing formula 5 with the formula 1 and the definition of cell 
wall density, the formula 5 becomes: 
\ax = - CT- (G) 
r so 
Where, Ggo is the specific gravity of cell wall substance. 
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f) From the formula 6, the green volume base specific gravity can be 
solved as: 
By using this formula (formula 7), small sample specific gravity can 
be obtained without determing its volume. 
Determination of specific gravity 
The one inch long sample disk, subsample no. 2, was cut into three 
smaller disks (Figure 2A). Two one-fourth inch wide strips were cut at 
right angles to each other from the three samples (Figure 2B). They were 
separated at each growth ring segment and Immediately placed in glass 
vials of water. The vials were stored in a refrigerator. From these 
samples individual growth ring segments were cut providing in most cases 
four samples of each ring for each of the three small disks. However, if 
the first year growth was very small, one or two rings were combined in 
one sample. Therefore, usually, 12 specific gravity samples were obtained 
for every annual ring from each large disk, subsample no. 2. The surface 
of the samples was cut with a razor blade to remove any projecting fibers. 
An alternating vacuum was applied to the desiccator containing the wood 
samples in water and continued until these samples were saturated. This 
occurred when the samples had a maximum constant weight. 
To determine specific gravity, the samples were weighed and then 
airdryed for two days. They were then ovendried at 102 + 3°C until the 
samples had minimum constant weight, at which time they were reweighed. 
# 
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A) Specific gravity disk, subsample no. 2 was divided into three 
smaller disks. 
B) Two 1/4" wide strips were cut to obtain four specific gravity 
samples for each annual ring 
Figure 2. Specific gravity subsampling 
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The samples were weighed to 1/10000 gram. The maximum moisture method 
formula was used for the specific gravity calculation; 
The specific gravity of wood substance, was used as 1.53 in the 
formula. 
Fiber Length 
Because of the importance of fiber length in pulp and paper quality, 
measurements were taken of this property. Fiber length as well as specific 
gravity is also used in tree selection programs. Mell (1910) suggested 
that fiber lengths of same species growing on different locations were 
important to silviculturists for site quality determination. Usually, 
fiber lengths are obtained after the wood is macerated. There are many 
methods available for wood maceration including a nitric acid and 
potassium chlorate solution (Schultze's method); an equal volume of 10 
percent chromic acid and 10 percent nitric acid solution (Jeffrey's 
method); and chlorine and 3 percent sodium sulphite solution (Harlow's 
method) (Sass, 1951). After the wood is macerated and fibers washed, 
fiber lengths are measured from a slide under a microscope with a filar 
micrometer eyepiece or a prism to project fiber images on a screen. 
Determination of fiber length 
In this study, each one-inch long disk, subsample no. 1, was cut into 
one-half inch thick diametrical segments through pith, and on each side 
of the pith the segment was divided into growth ring samples (Figure 3). 
Figure 3. Sampling procedure for fiber length and proportion of wood 
elements (from Figure 1, subsample no. 1 was used for fiber 
length, and subsample no. 3 for proportion of wood elements) 
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These segments were split longitudinally into slivers no thicker than a 
toothpick and were put in a solution of equal volumes of 10 percent nitric 
and 10 percent chromic acid for 24 hours at room temperature. Then a fresh 
solution was used to replace the old one for an additional 24 hours. After 
the maceration was completed, fibers were washed for 1 hour and temporary 
slides were made by using water and a small drop of safranin. An Orto-
Illuminator model 600 microscope equipped with a prism was used to project 
the fiber images on a flat surface and measure fiber length. The image 
was calibrated with a stage micrometer and 30 fibers from each growth ring 
sample were measured to 1/100 of a millimeter. Therefore, 60 fiber 
lengths were measured for each age group from pith to bark on both sides 
of all disks. 
Anatomical Characteristics 
The one-inch long sample disks, subsample no. 3, which were cut from 
the lower part of each big disk collected from roots, branches, and three 
heights of the stems, were used in this part of the study (Figure 1). From 
each of these subsample disks, a one-third inch wide diametrical strip was 
cut and separated into two ring segments from bark to pith on each radius 
(Figure 3). Thus, two segments were obtained for each growth ring. The 
samples were stored in FAA killing solution (50 ml of 95% ethyl alcohol, 5 ml 
of glacial acetic acid, 10 ml of 40% formaldehyde, and 35 ml of water) until 
the work was done. They were, however, stored in FAA at least 3 days. 
The samples were transferred from FAA into water and washed under 
running water in order to remove the killing solution. Polyethylene glycol 
(PEG) was used to replace the water in the wood through direct infiltration 
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for 36 hours at 56°C. The polyethylene glycol having a molecular weight of 
1,000 was used and changed twice with fresh PEG 1,000 during infiltration. 
Then, PEG 1,000 was replaced by PEG 1,540. The samples were kept in poly­
ethylene glycol 1,540 for 20 hours at 56°C. Finally, the samples were 
embedded in fresh PEG 1,540 and stored in the refrigerator at 4°C. The 
polyethelene glycol (PEG) is also called carbowax. These embedded samples 
were used to determine proportion of wood elements including gelatinous 
fibers, number of vessels and number of longitudinal parenchyma per unit 
area, and for analysis under the light and scanning electron microscopes. 
Preparation of permanent slides 
A sliding microtome was used to cut approximately 20 micron thick 
transverse sections from each carbowax embedded segment. These sections 
were soaked about 2 hours in distilled water to dissolve the carbowax. Then 
the microtome sections were affixed to the slides with Haupt's adhesive 
(1 gram gelatin, 90 ml water, and 10 ml 40% formalin), and airdried to form 
a good bond. These affixed sections were stained with safranin and fast-
green to enhance the contrast between cells through the alcohol dehydration. 
They were then mounted with synthetic resin as permanent slides. 
Determination of wood elements 
Four photomicrographs (35 mm) were taken randomly from each permanent 
slide. For each growth ring, there were two permanent slides prepared, 
therefore, a total of eight photomicrographs were taken in each growth 
ring. A Zeiss photomicroscope with lOX objective was used for taking 
photomicrographs. These negatives were projected on a dot grid to 
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determine the proportion of wood elements (i.e., percent ray parenchyma, 
percent longitudinal parenchyma, percent vessels, and percent fibers), the 
number of vessels, and the number of longitudinal parenchyma. The magnifi­
cation of the projected image was 64X. 
The grid had a surface with 384 evenly spaced dots. The dot-grid 
system has also been used to determine acreage of land from maps or aerial 
photographs (Bryan, 1943). The number of dots falling in the rays, longi­
tudinal parenchyma, vessels, fibers were counted. Each subtotal was 
divided by 384 and converted to ray percentage, longitudinal parenchyma 
percentage, vessel percentage, and fiber percentage by multiplying by 100. 
Number of vessels and longitudinal parenchyma cells 
The number of vessels and longitudinal parenchyma cells were counted 
from each projected slide. The total was averaged for each growth ring. 
Determination of gelatinous fibers 
To observe the presence of gelatinous fibers, additional special 
temporary slides were prepared by staining with chloro—iodide of zinc (432 
grams of Z^Clg, 100 ml of water, and 5 grams of KI, 0.9 grams of I, 7 ml of 
water). This stain causes swelling of the gelatinous layer into the lumen 
and stains it blue. 
Scanning Electron Microscope 
The 90 to 120 micron thick sliding microtome sections including radial, 
tangential, and transverse surfaces were cut and soaked in water to dissolve 
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the carbowax. The sections were dried in an alcohol dehydration series. 
Then, they were mounted on metal stubs with double stick tape, and 
coated with carbon and gold in a high vacuum evaporating apparatus. The 
prepared specimens were observed under the scanning electron microscope 
to study the cell wall structure. 
Statistical Design 
To estimate wood properties of a tree species, specifying sample 
location is important (Anonymous, 1963). Sampling of branches, roots and 
stem for given ages in proportion to their total mass should be considered. 
In this study, samples were taken from five locations within the trees. 
For each age within each location for each tree, 12 determinations for 
specific gravity, 60 determinations for fiber length, and 8 determinations 
for proportion of wood elements, number of vessels, and the number of 
parenchyma cells were made (Table 1). 
Table 1. Location of sample disks and the number of ages (growth rings) 
used in determining wood properties of Alnus glutinosa L. Gaertn. 
Location 
Tree 1 Tree 2 
Age Age 
1 2 3 4 5 6 7 1 2 3 4 5 6 7 |8 
Stem: 
1—Four-inch height X X X X X X X X X X X X X X X 
2—1/3 of total height X X X X X X X X X X 
3—2/3 of total height X X X X X X 
Branch X X X X X X X X 
Root X X X X X X X X X X X X 
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Because locations within tree and ages within locations were fixed, 
a split plot model for the analysis of variance was used with trees as the 
replication (Cochran and Cox, 1957). The model was: 
= X + T. + + S,j + 
Where; 
T^: effects due to differences between trees; 
L j: effects due to differences between locations within trees; 
A^: effects due to age differences within locations; 
S^j, error terms. 
In addition, the method of generalized least squares (GLM procedure; 
SAS76) was used to estimate variance components because of the unequal 
number of ages within each location. Test for location and age differences 
will only be approximate because of the non-orthogonality introduced into 
the analysis of variance table. Also, correlation coefficients were found 
between the various wood properties. 
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RESULTS 
Specific Gravity 
The mean specific gravity (green volume basis) increased from pith to 
bark with increasing age groups (growth rings) in branches and roots. In 
the one-third and two-third heights in the stems, the last year's growth 
near the cambium showed a slightly lower value but was not significant at 
the 5 percent probability level (Figure 4). The specific gravity at the 
four-inch height of the stem resulted in no regular trend from pith to bark. 
The mean specific gravities, and their confidence limits at the 5 percent 
level, mini™™ and maviminn (range) values of individual observations, 
and variance for each age group at each location within trees are listed in 
Tables 2, 3, 4, 5, and 6. In the first year's growth near the pith, the 
mean specific gravity was lower and highly significant when compared to the 
second year's growth (Tables 4 and 5) at four-inch stem height and the one-
third total stem height. The mean specific gravity of age 2 was also sig­
nificantly higher at 5 percent probability level than age 1 in the upper 
part of the stem (Table 6). The mean specific gravity was highly signifi­
cant between the age groups; 2 and 3, and 3 and 4 in the branches (Table 3). 
The analysis of variance (Table 7) showed that there was highly 
significant difference (at the 1 percent probability level) between locations 
within trees when roots, branches and three different heights of stems 
(Figure 1) were combined. But, there were not significant differences 
between trees, age groups and location by age interactions. Thus, the 
analysis of variance was calculated for only stems (Table 8), and for stems 
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and branches (Table 9). There was no significant difference between the 
three different heights of stem (i.e., four-inch above ground, one-third, 
and two-third of total stem height); and between stem and branch (Tables 8 
and 9). However, the location by age interaction in the analysis of stems 
and branches (Table 9) was close to being significant at the 5 percent 
probability level. The stem specific gravity was highly significant (at 
1 percent level) compared to the roots and it was slightly different as 
compared to branches. 
The overall mean specific gravity values for stem, root, and branch 
were 0.4275, 0.2466, and 0.4300 respectively. It was 0.4241 at the four-
inch stem height, 0.4302 at one-third stem height, and 0.4319 at two-third 
total stem height. Thus, the mean specific gravity was lowest in roots 
and highest in branches. It also increased slightly from the base of the 
stem to top. The mean specific gravity of all stems with respect to age 
groups from pith to bark is listed in Table 10. Figure 5 shows the com­
bined specific gravities within the stem; stem and branch; and stem, 
branch, and root from pith through the six growth rings. 
Correlation coefficients between the mean specific gravity and the 
means of various wood properties for stems, branches, and roots are 
presented in Table 11. In stems, percent longitudinal parenchyma, percent 
vessels, percent fibers, and fiber lengths were uncorrelated with specific 
gravity. The percent rays were also uncorrelated with specific gravity in 
stems, branches, and roots. However, percent longitudinal parenchyma, 
number of longitudinal parenchyma cells in roots, and percent vessels in 
branches were negatively and strongly correlated with specific gravity. On 
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the other hand, there was a positive and strong correlation between fiber 
lengths and specific gravity in branches and roots (i.e., 0.91 and 0.95 
respectively). The percent fibers and number of vessels were imcorrelated 
with specific gravity in branch and root (Table 11). 
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Figure 4. The mean specific gravities for various age groups 
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Table 2. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values for roots 
Confidence Standard 
Age Limits (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1-2 0.2267 +0.034 0.1866 0.2887 0.0020 0.0149 
0.880 
3 0.2403 +0.0085 0.2060 0.2735 0.0004 0.0041 
0.222 
4 0.2415 +0.0072 0.2144 0.2767 0.0003 0.0035 
2.900** 
5 0.2560 +0.0072 0.2344 0.2992 0.0003 0.0035 
1.861 
6 0.2636 +0.0041 0.2420 0.3013 0.0001 0.0020 
**Slgnlfleant at the 1% level. 
Table 3. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values for branches 
Confidence Standard 
Age Limits (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1 0.3764 ±0.0347 0.3485 0.4234 0.0011 0.0135 
1.073 
2 0.3917 ±0.0097 0.3585 0.4234 0.0003 0.0045 
10.310** 
3 0.4216 ±0.0060 0.3787 0.4434 0.0002 0.0029 
5.954** 
4 0.4637 ±0.0143 0.4160 0.4923 0.0005 0.0065 
1.916 
5 0.4878 ±0.0238 0.4285 0.5283 0.0014 0.0108 
^^Significant at the 1% level. 
Table 4. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values at the four-inch stem height 
Confidence Standard 
Age Limits (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1 0.4029 ±0.0076 0.3905 0.4186 0.0001 0.0033 
4.338** 
2 0.4438 ±0.0186 0.3905 0.5076 0.0014 0.0088 
0.987 
3 0.4332 ±0.0127 0.3801 0.4899 0.0009 0.0061 
0.109 
4 0.324 ±0.0085 0.3937 0.4893 0.0004 0.0041 
3.033** 
5 0.4149 ±0.0085 0.3847 0.4508 0.0004 0.0041 
2.831** 
6 0.4302 ±0.0073 0.3859 0.4586 0.0003 0.0035 
3.726** 
7 0.4087 ±0.0094 0.3754 0.4620 0.0005 0.0046 
0.502 
8 0.4121 ±0.0110 0.3966 0.4570 0.0003 0.0050 
**Significant at the 1% level. 
Table 5. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values at the one-third stem height 
Confidence Standard 
Age Limits (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1 0.3894 ±0.0154 0.3665 0.4174 0.0004 0.0067 
4.464**1 
2 0.4277 +0.0112 0.3945 0.5036 0.0007 0.0054 1 
0.693 i 
3 0.4379 ±0.0095 0.4056 0.4811 0.0005 0.0046 
1.094 
4 0.4446 ±0.0085 0.4086 0.5014 0.0004 0.0041 
2.038 
5 0.4260 ±0.0169 0.3918 0.6038 0.0016 0.0082 
. . 
**Slgnlfleant at the 1% level. 
Table 6. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values at the two-third stem height 
Confidence Standard 
Age Limits (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1 0.4181 ±0.0156 0.3852 0.5051 0.0008 0.0073 
2.550* 
2 0.4424 ±0.0127 0.3613 0.5415 0.0009 0.0061 
1.684 
3 0.4300 ±0.0085 0.3768 0.4674 0.0004 0.0041 
*Signlfleant at the 5% level. 
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Table 7. Analysis of variance of specific gravity (including roots, 
branches, and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
xrse 1 0.0500 7.46 
Location 4 0.4514 67.37** 
Error (A) 4 0.0067 
Age 7 0.0018 0.69 
Location x Age 15 0.0045 1.73 
Error(B) 19 0.0026 
**Signifleant at the 1% level. 
Table 8. Analysis of variance of specific gravity for only stems at three 
different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0.0196 2.97 
Location 2 0.0005 0.08 
Error (A) 2 0.0066 
Age 7 0.0018 0.58 
Location x Age 6 0.0010 0.32 
Error(B) 12 0.0031 
Table 9. Analysis of variance of specific gravity for stems and branches 
1 
j Source 
Degrees of 
freedom Mean square F 
iTree 1 0.0193 4.13 
iLocation 3 0.0059 1.26 
|Error(A) 3 0.0047 
jAge 7 0.0018 0.58 
Location x Age 10 0.0067 2.16 
Error(B) 14 0.0031 
Table 10. The mean specific gravities, their confidence limits, ranges, variances with respect to 
age groups, and t-test values for stems 
Confidence Standard 
Age Limit (at the Range error of t-test 
group Mean 5% level) Minimum Maximum Variance mean values 
1 0.4061 ±0.0087 0.3665 0.5051 0.0006 0.0043 
5.433** 
2 0.4375 ±0,0078 0.3613 0.5415 0.0010 0.0039 
0.784 
3 0.4337 ±0.0057 0.3768 0.4899 0.0006 0.0029 
1.361 
4 0.4385 ±0.0058 0.3937 0.5014 0.0004 0.0029 
3.350** 
5 0.4204 ±0.0092 0.3847 0.6038 0.0010 0.0046 
1.698 
6 0.4302 ±0.0073 0.3859 0.4586 0.0003 0.0035 
3.726** 
7 0.4087 ±0.0094 0.3754 0.4620 0.0005 0.0046 
0.502 
8 0.4127 ±0.0110 0.3966 0.4570 0.0003 0.0050 
**Slgnlfleant at the 1% level. 
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Table 11. Correlation coefficients between the mean 
specific gravities and the mean wood pro­
perties in stems, branches, and roots 
Wood Property Stem Branch Root 
Percent rays -0.38 0.47 -0.71 
Percent longitudinal 
parenchyma 
—0.46 -0.39 -0.84* 
Percent vessels 0.00 -0.91* 0.04 
Percent fibers 0.24 0.80 0.38 
Number of vessels -0.30 —0.81 -0.77 
Number of longi­
tudinal parenchyma 
-0.45 -0.26 -0.91* 
Fiber length (mm) 0.38 
1 
0.91* 0.95** 
*Significant at the 5% level. 
**Significant at the 1% level. 
46 
Fiber Length 
The mean fiber length was highest in the root (0.92 mm), slightly 
lower for both the four-inch and one-third total height in the stem 
(0.89 mm), and 0.80 mm in both the two-third total stem height and in the 
branches (Figure 6, and Table 12). The mean fiber length in the branches 
was not significantly different from that in the upper parts of the stem. 
However, they were highly significantly lower (at the 1% level) than those 
in the roots and in lower parts of the stem (Table 12). 
According to the analysis of variance (Table 13), there were no 
significant differences between the two trees and between locations within 
trees including branches, roots, and the three different heights of the 
stem (Figure 1). However, there were highly significant differences 
between age groups and between location by age group interactions (Table 13). 
When the analysis of variance was made for only the stems (Table 14), and 
stems and branches combined (Table 15), location by age interactions was 
not significant and neither were there any significance (at the 5% level) 
between trees and between locations within the tree. However, between age 
groups, the significance was high at the 1 percent probability level. Thus, 
roots were affected mostly by the significance of location by age inter­
actions (Table 13). Figure 7 shows that fiber length increased sharply 
from the pith to the third growth year in branches and at three different 
heights of the stems. After the third year's growth in branches and at the 
four-inch height of the stem, the increase in fiber length was not as steep 
as the first through third year's growth. The increasing fiber length in 
the roots from pith to bark was not as steep as in branches and in stems. 
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Also, in roots the mean fiber length of the first and second growth year 
from the pith was significantly higher (at the 1% level) than for the first 
and second year's growth of stems and branches. The increasing fiber 
length from pith to bark was highly significant in stems, branches, and 
roots, and when all were combined (Tables 16, 17, 18, and 19). 
Statistically, there were no significant differences in fiber lengths 
between upper and lower sides of the branches and roots. The mean fiber 
length of the lower side of branches (Figure 8) showed slightly higher 
values than the upper sides up to the fourth growth year from the pith and 
then differences were reversed near the bark. But, in roots (Figure 9), 
the mean fiber length for each age group on the lower side showed slightly 
lower values than for the upper side from the pith to the bark with the 
exception of the fourth growth year. 
The means for fiber length for each growth ring from the bark for each 
location within the tree are plotted in Figure 10. The last formed growth 
ring nearest to the cambium was counted as age group 1, second nearest to 
cambium as age group 2 and so forth to the pith. Figure 10 shows that from 
the first through third growth rings from the cambium, the decreasing 
trends of fiber length toward the pith were not as steep as beyond the 
third growth ring. But, in the one-third of total stem height, the 
decreasing trend from cambium to pith was very steep. 
To summarize, the mean fiber length of each location within the tree 
decreased from roots to the lower part of the stem to the upper part of 
the stem and into the branches. The fiber length was 15 percent lower 
in the lowest part of the stem as compared to the roots. Also, in the 
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upper part of the stems and in the branches, the mean fiber length was 11 
percent lower than the lowest parts of the stems. Horizontally, from pith 
to bark, the fiber lengths increased in the roots, stems, and branches 
(Figure 7). The percent increase in the mean fiber length between the 
first year near the pith and the following growth years to the bark for 
branches, stems, and roots are shown in Figure 11. The percentages based 
on mean fiber length were calculated by the differences between first year's 
growth and each of the following year's growth divided by the first growth 
year and multiplied by 100. The mean fiber length of the last year's 
growth nearest to the cambium was higher than the first year's growth in 
branches, stems and roots by 63 percent, 59 percent, and 21 percent 
respectively (Figure 11). 
Table 10 shows the relationship between the mean fiber length and the 
means of various wood properties. The percent longitudinal parenchyma, 
and the number of longitudinal parenchyma cells were moderately correlated 
with fiber length in the stems and strongly correlated in the roots. These 
correlation coefficients were negative both in the stems and in the roots 
(Table 20). The percent vessels and the number of vessels were negatively 
and strongly correlated with the fiber length in the branches. Both in the 
branches and in the roots the fiber lengths were positively and strongly 
correlated with specific gravity. The percent fibers and the percent 
vessels were uncorrelated with the fiber length both in the stems and in 
the roots. Also, there were no significant correlation between fiber 
length and the percent rays in stems, branches, and roots (Table 20). 
Therefore, increasing specific gravity and fiber length in European black 
50 
alder (Alnus glutlnosa L. Gaertn.) in a tree improvement program would not 
increase any undesirable wood properties such as percent rays, percent 
vessels, and percent longitudinal parenchyma. 
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branches, and three different heights of the stem 
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Figure 11. Percent increase fiber length from pith to bark 
(compared to first year growth near the pith for 
branches, stems, and roots) 
Table 12. The mean fiber length, its confidence limits, ranges, variances, and t-test values 
for various parts of the tree 
Confidence 
Location Limits (at the Range Standard 
within Mean 5% level) Minimum Maximum error of t-test 
tree (mm) (mm) (mm) (mm) Variance mean values 
ROOT 0.92 ±0.01 0.50 1.25 0.0133 0.0045 
16.499** 
BRANCH 0.80 +0.01 0.40 1.25 0.0157 0.0057 
13.357** 
STEM(A)^ 0.89 ±0.01 0.45 1.32 0.0114 0.0036 
0.000 
STEM(B)^ 0.89 ±0.01 0.40 1.43 0.0157 0.0051 
11.206** 
STEM(C)C 0.80 ±0.01 0.40 1.25 0.0138 0.0062 
= at four-inch stem height. 
B = at the one-third stem height. 
= at the two-third stem height. 
**Signifleant at the 1% level. 
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Table 13. Analysis of variance of fiber length (including roots, branches, 
and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0.0539 0.18 
Location 4 0.2324 0.76 
Error (A) 4 0.3058 
Age 7 1.1596 23.62** 
Location x Age 15 0.1899 3.87** 
Error(B) 19 0.0491 
**Significant at the 1% level. 
Table 14. Analysis of variance of fiber length for only steins at three 
different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0.0332 7.72 
Location 2 0.0464 10.79 
Error (A) 2 0.0043 
Age 7 1.1596 24.78** 
Location x Age 6 0.0819 1.75 
Error(B) 12 0.0468 
**Significant at the 1% level. 
Table 15. Analysis of variance of fiber length for stem and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0.0380 0.10 
Location 3 0.1625 0.41 
Error (A) 3 0.3992 
Age 7 1.1596 27.61** 
Location x Age 10 0.1060 2.52 
Error(B) 14 0.0420 
**Signifleant at the 1% level. 
Table 16. The mean fiber length, Its confidence limits» ranges, variances with respect to age 
groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (mm) (mm) (mm) (mm) Variance mean values 
1 0.64 ±0.01 0.40 0.93 0.0102 0.0053 
22.326** 
2 0.82 ±0.01 0.48 1.10 0.0132 0.0061 
11.609** 
3 0.92 ±0.01 0.56 1.25 0.0135 0.0061 
3.683** 
4 0.96 ±0.02 0.55 1.43 0.0193 0.0090 
4.906** 
5 1.02 ±0.02 0.70 1.40 0.0166 0.0083 
3.753** 
6 0.97 ±0.02 0.60 1.30 0.0130 0.0104 
1.992* 
7 0.99 ±0.02 0.75 1.23 0.0112 0.0097 
1.647 
8 1.02 ±0.03 0.73 1.32 0.0143 0.0154 
*Slgnlflcant at the 5% level. 
**Slgnlfleant at the 1% level. 
Table 17. The mean fiber length, its confidence limits, ranges, variances with respect to age 
groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (mm) (mm) (mm) (mm) Variance mean values 
1 0.60 ±0.02 0.40 0.85 0.0091 0.0087 
11.107** 
2 0,76 ±0.02 0.45 1.05 0.0158 0.0115 
8.367** 
3 0.90 ±0.02 0.55 1.15 0.0178 0.0121 
1.372 
4 0.93 ±0.04 0.60 1.25 0.0198 0.0182 
1.932 
5 0.98 ±0.04 0.65 1.25 0.0204 0.0184 
**Signi£icant at the 1% level. 
Table 18. The mean fiber length, Its confidence limits, ranges, variances with respect to age 
groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (mm) (mm) (mm) (mm) Variance mean values 
1 0.82 ±0.03 0.60 1.05 0.0095 0.0126 
3.096** 
2 0.87 ±0.02 0.50 1.10 0.0123 0.0101 
1.383 
3 0.89 ±0.02 0.55 1.15 0.0128 0.0103 
2.671** 
4 0.93 ±0.02 0.60 1.25 0.0141 0.0108 
2.526* 
5 0.97 ±0.02 0.65 1.25 0.0160 0.0115 
1.278 
6 0.99 ±0.02 0.73 1.25 0.0134 0.0106 
*Slgnlfleant at the 5% level. 
^^Significant at the 1% level. 
Table 19. The mean fiber length, its confidence limits, ranges, variances with respect to age 
groups, and t-test values for stems, branches, and roots combined 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (mm) (mm) (mm) (mm) Variance mean values 
1 0.65 ±0.01 0.40 1.05 0.0137 0.0050 
22.605** 
2 0.81 ±0.01 0.45 1.10 0.0148 0.0050 
14.359** 
3 0.91 ±0.01 0.55 1.25 0.0143 0.0049 
4.890** 
4 0.95 ±0.01 0.55 1.43 0.0181 0.0066 
5.439** 
5 1.00 ±0.01 0.65 1.40 0.0174 0.0064 
2.033* 
6 0.98 ±0.01 0.60 1.30 0.0133 0.0074 
0.820 
7 0.99 ±0.02 0.75 1.23 0.0112 0.0097 
1.647 
8 1.02 ±0.03 0.73 1.32 0.0143 0.0154 
^Significant at the 5% level. 
**Significant at the 1% level. 
63 
Table 20. Correlation coefficients between the mean 
fiber lengths and the mean wood properties 
in stems, branches, and roots 
Wood Property Stem Branch Root 
Percent rays 0.03 0.17 -0.70 
Percent longitudinal 
parenchyma 
-0.54* -0.22 -0.82* 
Percent vessels -0.16 -0.99** -0.18 
Percent fibers 0.28 0.95* 0.53 
Number of vessels -0.72** -0.97** -0.89* 
Number of longi­
tudinal parenchyma 
-0.56* -0.11 
-0.91**1 
Specific gravity 0.38 0.91* 0.95** 
*Significant at the 5% level. 
**Significant at the 1% level. 
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PROPORTION OF WOOD ELEMENTS 
The correlation coefficients between proportion of wood elements in­
cluding percent rays, percent longitudinal parenchyma, percent vessels, 
percent fibers, and also number of vessels and number of longitudinal 
parenchyma cells per unit area for stems, branches, and roots are given in 
Tables 21, 22, and 23. In the stem, most relationships between wood 
elements were significant. However, relationships between percent fibers 
and percent rays, and between the number of vessels and the number of 
longitudinal parenchyma cells were not significant (Table 21). In both the 
roots and branches there were no significant relationships between percent 
rays and percent vessels, and between percent longitudinal parenchyma and 
the number of vessels (Tables 22, and 23). Also, the relationship between 
percent rays and percent longitudinal parenchyma, and between percent rays 
and the number of vessels in the branches (Table 22), and between percent 
longitudinal parenchyma and percent vessels in roots (Table 23) were not 
significant at the 5 percent probability level. 
Negative and strong correlations were found between percent vessels 
and percent fibers in the stem (-0.90), in the branches (-0.90), and in 
the roots (-0.80). Also, a negative correlation existed between percent 
fibers and the number of vessels in the stems, branches, and in the roots. 
These negative correlations were strong in the branches (-0.83), and 
moderate in the stems (-0.72), and in the roots (-0.62). Percent rays 
were negatively and weakly correlated with percent fibers in the roots 
(-0.47), and in the branches (-0,53), but uncorrelated in the stems. On 
the other hand, percent vessels and number of vessels as well as percent 
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longitudinal parenchyma and the number of longitudinal parenchyma were 
positively correlated (Tables 21, 22, and 23). Number of vessels were 
poorly correlated with the number of longitudinal parenchyma cells in the 
branches and in the roots. It was uncorrelated in the stem (Table 21). 
Thus, the most important wood element, precent fibers, was either 
negatively correlated, or uncorrelated with percent rays, percent vessels, 
and percent longitudinal parenchyma in the stems, branches, and in the 
roots. However, the correlation coefficient between percent fibers and 
the percent longitudinal parenchyma in the stem was positive, but very 
poorly correlated (0.29). Therefore, in tree improvement research, any 
treatment causing a decrease in the percent rays, percent longitudinal 
parenchyma, and especially percent vessels would increase the fiber 
percentage which is most desirable for today's industry. When the roots, 
stems, and branches were combined, the proportion of wood elements was 
63.88 percent fibers, 21.03 percent vessels, 14.18 percent rays, and 0.91 
percent longitudinal parenchyma (Figure 12). 
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Table 21. Correlation coefficients between wood properties in the stems 
Wood Property 
Longitudinal 
Parenchyma 
(%) 
Vessels 
(%) 
Fibers 
(%) 
Number 
of 
Vessels 
Number of 
Longitudinal 
Parenchyma 
Rays 
(%) 
0.14* -0.32** -0.10 -0.13* 0.19** 
Longitudinal 
parenchyma 
(%) 
-0.43** 0.29** -0.13* 0.87** 
Vessels 
(%) 
-0.90** 0.72** —0.41** 
Fibers 
(%) 
-0.72** 0.26** 
Number of 
Vessels 
-0.11 
*Significant at the 5% level. 
**Significant at the 1% level. 
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Table 22. Correlation coefficients between wood properties in the branches 
Wood Property 
Longitudinal 
Parenchyma 
(%) 
Vessels 
(%) 
Fibers 
(%) 
Number 
of 
Vessels 
Number of 
Longitudinal 
Parenchyma 
Rays 
(%) 
-0.06 0.11 -0.53** 0.18 0.06 
Longitudinal 
parenchyma 
(%) 
-0.27* 0.17 -0.21 0.75** 
Vessels 
(%) 
-0.90** 0.89** -0.37** 
Fibers 
(%) 
—0.83** 0.29* 
Number of 
Vessels 
-0.28* 
*Significant at the 5% level. 
**Significant at the 1% level. 
68 
Table 23. Correlation coefficients between wood properties in the roots. 
Wood Property 
Longitudinal 
Parenchyma 
(%) 
Vessels 
(%) 
Fibers 
(%) 
Number 
of 
Vessels 
Number of 
Longitudinal 
Parenchyma 
Rays 
(%) 
0.21* -0.14 -0.47** 0.16 0.25** 
Longitudinal 
parenchyma 
(%) 
0.06 -0.30** 0.11 0.89** 
Vessels 
(%) 
—0.80** 0.58** 0.08 
Fibers 
(%) 
—0 « 62** -0.32** 
Number of 
Vessels 
0.22* 
*Significant at the 5% level. 
**Significant at the 1% level. 
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Figure 12. Proportion of wood elements from pith to bark when 
stems, branches, and roots are combined 
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Percent Rays 
The analysis of variance of percent rays for all locations within 
trees (Table 24) showed that there were highly significant differences (at 
the 1% level) between locations. However, between the two sample trees, 
between age groups (growth rings), and location by age interactions no 
significant differences (at the 5% level) were found (Table 24). On the 
other hand, there were no significant differences (at the 5% level) in the 
percent rays at the three different heights of the stems (Table 25), and 
between stems and branches (Table 26). Therefore, percent rays in the 
roots were lowest and significantly different (at the 1% level) from the 
stems and the branches. It was 26 percent lower than in the stems and 
33.5 percent lower than in the branches (Figure 13). 
In contrast to the analysis of variance of percent rays in the 
stem (Table 25), a paired t-test showed that there were highly significant 
differences (at the 1% level) between three different heights of the stem. 
It was 16.37 percent at the four-inch stem height, 12.90 percent at the 
one-third of the total stem height, and 13.94 percent at the two-third of 
the total stem height (Figure 14). A paired t-test eliminates confounding 
by differences brought about by trees, locations, and age groups which 
existed in the analysis of variance table. Horizontally, from pith to 
bark, a paired t-test comparison between growth rings showed no signifi­
cance at the 5 percent probability level, with the exception of age groups 
(growth rings) 5 and 6 in the stems (Table 27), 1 and 2 in the branches 
(Table 28), and 2 and 3 in the roots (Table 29) where a significant 
difference in the percent rays was found. 
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To summarize, the mean of percent rays increased from root (11.70%) 
through stem (14.78%), and was highest (15,63%) in the branches (Figure 13). 
Within the stem, percent rays decreased from the lover part of the stem to 
the one-third of the total stem height, and then increased in the upper 
part of the stem (Figure 14). Generally, there was no significant 
differences (at the 5% level) between age groups from pith to bark (Tables 
27, 28, and 29). 
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Figure 14. Percent rays from pith to bark for three different 
heights of the stem 
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Table 24. Analysis of variance of percent rays (including roots, branches, 
and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 10.6111 1.91 
Location 4 251.6673 45.40** 
Error(A) 4 5.5439 
Age 7 26.2109 1.24 
Location x Age 15 14.6342 0.69 
Error(B) 19 21.1261 
**Significant at the 1% level. 
Table 25. Analysis of variance of percent rays for only stems at three 
different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 12.4780 0.58 
Location 2 75.4965 3.54 
Error(A) 2 21.3403 
Age 7 26.2109 1.35 
Location x Age 6 7.8030 0.40 
Error(B) 12 19.3856 
Table 26. Analysis of variance of percent rays for stems and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 9.6207 0.68 
Location 3 94.7861 6.66 
Error (A) 3 14.2307 
Age 7 26.2109 1.19 
Location x Age 10 23.7722 1.07 
Error(B) 14 22.1267 
Table 27. Mean values of percent raye, their confidence limits, ranges, variances with respect to 
age groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 15.12 ±1.09 6.77 26.82 14.1015 0.5420 
1.356 
2 14.11 ±1.00 8.85 21.62 11.9904 0.4998 
0.358 
3 13.87 ±0.90 6.25 19.79 9.5974 0.4472 
0.279 
4 13.62 ±1.24 7.29 26.04 11.7833 0.6068 
0.047 
5 13.65 ±1.21 7.03 19.01 11.2612 0.5932 
3.238** 
6 17.29 ±2.03 10.42 23.18 14.4742 0.9511 
0.821 
7 18.33 ±1.78 13.02 23.44 11.1932 0.8364 
0.764 
8 19.21 ±2.58 15.10 23.96 9.5285 1.0914 
**Signifleant at the 1% level. 
Table 28. Mean values of percent rays, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 16.86 ±2.33 11.20 28.91 19.0832 1.0921 
2.613* 
2 13.49 ±1.46 8.59 20.31 7.5340 0.6862 
1.887 
3 15.48 ±1.71 9.90 21.87 10.2540 0.8005 
0.263 
4 15.75 ±1.51 13.28 18.75 3.2747 0.6398 
1.338 
5 17.61 ±2.92 11.72 22.40 12.1861 1.2342 
*Signifleant at the 5% level. 
Table 29. Mean values of percent rays, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 13.02 ±1.51 8.33 19.53 8.0384 0.7088 
0.303 
2 13.32 ±1.37 10.16 19.53 6.6174 0.6431 
2.593* 
3 10.81 ±1.53 6.77 16.93 8.2555 0.7183 
0.080 
4 10.89 ±1.48 6.51 17.19 7.7064 0.6940 
0.185 
5 10.71 ±1.45 6.25 16.15 7.3863 0.6794 
0.710 
6 11.46 ±1.72 7.29 17.19 10.4712 0.8090 
*Slgnifleant at the 5% level. 
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Percent Longitudinal Parenchyma 
Longitudinal parenchyma made up less than 1 percent of the total 
proportion of wood elements (0.91%). The analysis of variance of percent 
longitudinal parenchyma showed no significance (at the 5% level) between 
the two sample trees, and between locations including roots, branches, 
and three different stem heights (Table 30). However, there was highly 
significant difference (at the 1% level) between age groups, and location 
by age interactions. When the analysis of variance for percent longitudi­
nal parenchyma was made for the three different stem heights only (Table 31), 
and stems and branches combined (Table 32), similar results were found. 
On the other hand, a paired comparison by the t-test between locations 
showed that there was a highly significant difference (at the 1% level) 
in the percent longitudinal parenchyma between the four-inch stem height 
and the other two stem heights, roots, and branches. Figures 15 and 16 
show the percent longitudinal parenchyma distribution from pith to bark 
for each location within the tree. Also, percent longitudinal parenchyma in 
the branches was significantly higher (at the 1% level) than that from 
upper parts of the stem. But, percent longitudinal parenchyma in the roots 
was not significantly different (at the 5% level) from those in the branches 
and upper parts of the stems. 
Vertically, the mean percent longitudinal parenchyma increased from 
root (0.74%) to the lower part of the stem (1.36%). Then, it was slightly 
decreased at the one-third stem height (0.60%), and the two-third stem 
height (0.59%). The percent longitudinal parenchyma in the branch (0.96%) 
was slightly higher from root, and it was significantly higher from the 
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upper parts of the stem (Figures 15 and 16). Lower part of the stem had 
highest percent longitudinal parenchyma (Figure 16). 
Horizontally, a paired comparison by the t-test was made between 
growth rings from the pith to the bark for stems, branches, and roots 
(Tables 33, 34, and 35). There was no significant difference (at the 5% 
level) between the growth rings for branch (Table 34), and root (Table 35). 
However, percent longitudinal parenchyma in the stem showed significant 
difference (at the 1% level) between the age groups I and 2, and 2 and 3 
(Table 33). 
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Figure 16. Percent longitudinal parenchyma from pith to bark for 
three different heights of the stem 
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Table 30. Analysis of variance of percent longitudinal parenchyma 
(including roots, branches, and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0 .0044 0.001 
Location 4 10 8768 1.92 
Error (A) 4 5 6648 
Age 7 7 9752 14.80** 
Location x Age 15 3. 5889 6.66** 
Error(B) 19 0. 5390 
**Significant at the 1% level. 
Table 31. Analysis of variance of percent longitudinal parenchyma for 
only stems at three different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 0.5224 0.20 
Location 2 27.8838 10.78 
Error (A) 2 2.5865 
Age 7 7.9752 16.28** 
Location x Age 6 4.5044 9.20** 
Error(B) 12 0.4899 
**Significant at the 1% level. 
Table 32. Analysis of variance of percent longitudinal parenchyma for 
stems and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 3.4488 0.91 
Location 3 13.4607 3.54 
Error(A) 3 3.8021 
Age 7 7.9752 17.05** 
Location x Age 10 2.6496 5.66** 
Error(B) 14 0.4697 
**Significant at the 1% level. 
Table 33, Mean values of percent longitudinal parenchyma, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 1.82 ±0.44 0.00 5.99 2.3015 0.2190 
3.798** 
2 0.91 ±0.20 0.00 3.39 0.4531 0.0972 
2.952** 
3 0.55 ±0.15 0.00 2.08 0.2604 0.0737 
0.355 
4 0.59 ±0.17 0.00 1.56 0.2331 0.0853 
0.813 
5 0.72 ±0.28 0.00 3.39 0.5851 0.1352 
0.906 
6 0.94 ±0.43 0.00 2.60 0.6501 0.2016 
1.306 
7 1.25 ±0.38 0.00 2.08 0.4993 0.1766 
1.992 
8 0.68 ±0.53 0.00 2.08 0.4056 0.2252 
**Slgnlfleant at the 1% level. 
Table 34. Mean values of percent longitudinal parenchyma, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 1.01 ±0.39 0.00 2.34 0.5416 0.1840 
0.132 
2 0.86 ±0.41 0.00 2.34 0.5945 0.1927 
1.027 
3 1.12 ±0.35 0.26 2.34 0.4316 0.1642 
0.035 
4 1.11 ±0.56 0.52 2.60 0.4407 0.2347 
1.797 
5 0.62 ±0.33 0.00 1.30 0.1538 0.1386 
Table 35. Mean values of percent longitudinal parenchyma, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 0.83 ±0.36 0.00 2.34 0.4633 0.1702 
0.307 
2 0.91 ±0.42 0.00 2.87 0.6242 0.1975 
0.076 
3 0.93 ±0.37 0.00 2.08 0.4881 0.1747 
1.052 
4 0.67 ±0.37 0.00 2.34 0.4882 0.1746 
0.000 
5 0.67 ±0.30 0.00 1.56 0.3164 0.1406 
0.298 
6 0.49 ±0.29 0.00 2.08 0.2882 0.1342 
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Percent Vessels 
The water-conducting function of vessels in a tree is most important 
for its growth, but the vessels are less desirable in pulp and paper because 
of adverse effects on strength properties, printing characteristics, and 
yield. Therefore, the proportion of vessels is of economic importance to 
industry. In European black alder, percent vessels increased from roots 
(15.30%) to the four-inch stem height (17.00%), to upper parts of the stem 
including the one-third total sten height (28.88%), and the two-third total 
stem height (28.99%) and decreased in the branches (21.39%) (Figures 17 and 18). 
The analysis of variance (Table 36) showed that there were highly 
significant differences at the 1 percent probability level between locations 
within trees when the branches, roots, and the three different heights of 
the stems were combined. However, statistically, no significance (at the 
5% level) was found between the three different heights of the stem (Table 
37). In contrast, when the branches and the three different heights of the 
stems were combined, there was significant differences (at the 5% level) 
between stems and branches (Table 38). Location by age interactions 
showed significance at the 5 percent probability level (Table 38). There 
was no significant differences between the two sample trees, and between 
growth rings (Table 38). 
However, a comparison by the t-test between locations showed that the 
percent vessels at the four-inch stem height was lower and highly signifi­
cant (at the 1% level) as compared to the upper parts of the stem and 
branches (Figure 18). Also, it was higher and significantly different (at 
the 5% level) from the roots. The percent vessels in the upper parts of 
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the stem was higher and significantly different (at the 1% level) from the 
branches and roots. Statistically, no significant differences (at the 5% 
level) was found between the one—third and the two-third total stem heights 
even though there was a slight increase in the upper parts of the stem. 
When the three different heights of the stem were combined (23.15%), there 
was no significant differences (at the 5% level) between stem and roots, 
and between stems and branches. 
Horizontally, percent vessels decreased slightly from pith to bark in 
the stems (Table 39), in the branches (Table 40), and in the roots (Table 
41). However, the age groups 1 and 2, and ages 2 and 3 in the branches, 
and ages 5 and 6 in the stem were significant at the 5 percent probability 
level (Tables 39, 40, and 41). 
The increased percent vessels from the lower part of the stems to the 
upper parts (Figure 18) are probably related to the decreased stem diameter 
and the vessel connections into the branches. In general, the roots and 
the branches had lower percent vessels than stems(Figure 17). Also, the 
uppermost parts of the stem had the highest percent vessels (Figure 18). 
Horizontally, the slight decrease in percent vessels from pith to bark was 
not significant at the 5 percent probability level. Thus, if the other 
factors (i.e., percent rays, percent longitudinal parenchyma, percent 
fibers, and the amount of gelatinous fibers) are omitted, the roots are 
the first and the branches are the second most desirable for the pulp and 
paper industry because of their lower percentage of vessels (Figure 17). 
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Figure 17. Percent vessels from pith to bark for stem, branch, and root 
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Figure 18. Percent vessels from pith to bark for three different 
heights of the stem 
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Table 36. Analysis of variance of percent vessels (including roots, 
branches, and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 329.3041 5.28 
Location 4 2719.4432 43.57** 
Error(A) 4 62.4170 
Age 7 57.9597 1.36 
Location x Age 15 69.8800 1,64 
Error(B) 19 42.7078 
**Significant at the 1% level. 
Table 37. Analysis of variance of percent vessels for only stems at three 
different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 182.4782 1.30 
Location 2 2656.6700 18.91 
Error(A) 2 140.4742 
Age 7 57.9597 1.12 
Location x Age 6 90.7411 1.76 
Error(B) 12 51.6277 
Table 38. Analysis of variance of percent vessels for stems and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 238.6184 2.50 
Location 3 1883.3638 19.70* 
Error(A) 3 95.6100 
Age 7 57.9597 1.20 
Location x Age 10 128.7838 2.67* 
Error(B) 14 48.1914 
*Significant at the 5% level-
Table 39. Mean values of percent vessels, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 26.01 ±3.11 6.25 47.92 114.9796 1.5477 
1.254 
2 23.51 ±2.50 4.16 44.27 74.3706 1.2447 
0.342 
3 24.12 ±2.57 4.17 40.10 78.3510 1.2776 
0.640 
4 22.76 ±3.46 9.12 46.09 92.0932 1.6964 
0.231 
5 23.32 ±3.54 4.17 38.28 95.9972 1.7320 
2.230* 
6 18.26 ±3.12 12.24 32.03 34.3572 1.4654 
0.045 
7 18.38 ±4.12 8.59 33.59 59.7772 1.9329 
0.065 
8 18.23 ±3.04 13.28 24.22 13.2728 1.2881 
^Significant at the 5% level. 
Table 40. Mean values of percent vessels, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 29.54 ±3.93 16.15 38.54 54.2898 1.8420 
3.523** 
2 22.38 ±1.83 15.88 28.91 11.8050 0.8589 
3.060** 
3 18.21 ±2.25 10.67 25.52 17.8999 1.0577 
1.058 
4 16.50 ±2.89 13.28 24.22 11.9549 1.2224 
1.248 
5 14.32 ±2.95 10.94 21.35 12.4586 1.2479 
**Significant at the 1% level. 
Table Al. Mean values of percent vessels, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 17.32 ±3.11 11.46 29.43 33.9711 1.4571 
1.937 
2 14.29 ±1.21 7.81 18.23 5.1706 0.5685 
0.545 
3 15.02 ±2.54 8,07 22.92 22.7876 1.1934 
0.544 
4 14.34 ±1.70 7.81 21.62 10.1457 0.7963 
0.567 
5 13.57 ±2.34 6.51 22.14 19.3673 1.1002 
1.972 
6 17.30 ±3.28 7.03 26.04 37.8523 1.5381 
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Percent Fibers 
The most utilized and desirable wood elements in today's wood industry 
is the fiber. Figures 19 and 20 show that the percent fibers slightly 
increased from pith to bark (horizontally). However, these increases 
were, statistically, not significant (at the 5% level) with the exception 
of age groups 1 and 2 both in the branches and in the stems (Tables 42, 
43, and 44). But, at the four-inch stem height, the percent fibers in­
creased up to the fifth growth year then decreased slightly to the cambium 
where the fiber percent was less than at the pith (Figure 20). The in­
creasing percent fibers from the pith to the bark was closely related to 
the percent vessels which decreased from pith to bark (Figures 17 and 18). 
Also, as has already been discussed, there was a strong and negative 
correlation coefficient between percent fibers and percent vessels in the 
stem (-0.90), in the branches (-0.90), and in the roots (-0.80) (Tables 21, 
22, and 23). 
Vertically, the root had the highest percent fibers (72.29%), with 
second highest in the branch (62.02%), and lowest in the stem (61.10%) 
(Figure 19). Also, Figure 20 shows that the lower part of the stem had 
the highest percent fibers (65.27%) when compared to the one-third and the 
two-thirds of total stem heights (i.e., 57.62%, and 56.50% respectively). 
A comparison with the t-test between locations showed that they were highly 
significant differences at the 1 percent probability level. However, the 
only exception was that no significant difference (at the 5% level) was 
found between the one-third and two-third total stem heights. 
The analysis of variance for percent fibers showed that the locations 
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within trees were significantly different. The significance was high (at 
the 1% level) when stem, branches, and roots were combined (Table 45). 
The analysis of variance for percent fibers also showed that the locations 
within stem only (Table 46) were significantly different at the 5 percent 
probability level. When the branches and the three different stem heights 
were combined, locations were signficantly different at the 5 percent 
probability level. However, no significant differences (at the 5% level) 
were found between the two sample trees, between the age groups, and 
location by age interactions (Tables 45, 46, and 47). 
To summarize, the percent fibers in Alnus glutinosa L. Gaertn. 
decreased from roots to the lower parts of stem through the upper parts 
of stem into branches (Figures 19 and 20). From pith to bark, the percent 
fibers increased slightly (Figures 19 and 20). 
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Figure 19. Percent fibers from pith to bark for stem, branch, and root 
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Figure 20. Percent fibers from pith to bark for stem 
Table 42. Mean values of percent fibers, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 57.05 ±3.06 30.73 75.26 111.2114 1.5221 
2.368* 
2 61.47 ±2.17 43.49 79.17 55.9460 1.0796 
0.006 
3 61.46 ±2.20 44.79 79.69 57.5955 1.0954 
0.807 
4 63.03 ±3.29 42.71 79.17 82.8579 1.6091 
0.348 
5 62.31 ±3.77 49.48 75.26 58.3302 1.3501 
0.529 
6 63.51 ±3.93 46.36 75.52 54.4454 1.8447 
0.558 
7 62.04 ±4.00 48.44 73.70 56.4903 1.8790 
0.079 
8 61.88 ±2.55 57.55 65.63 9.3194 1.0793 
*Signlfleant at the 5% level. 
Table 43. Mean values of percent fibers, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 52.59 ±5.32 32.39 68.75 99.7227 2.4965 
4.022** 
2 63.27 ±1.91 57.03 68.75 12.8627 0.8966 
1.260 
3 65.19 ±2.65 53.91 74.48 24.6650 1.2416 
0.912 
4 66.63 ±2.31 61.72 70.83 7.6237 0.9762 
0.444 
5 67.45 ±3.71 58.59 71.87 19.6663 1.5679 
**Significant at the 1% level. 
Table 44. Mean values of percent fibers, their confidence limits, ranges, variances with respect 
to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 68.83 ±3.90 57.29 79.43 53.5555 1.8295 
1.288 
2 71.48 ±2.01 65.10 80.73 14.1967 0.9420 
1.190 
3 73.24 +2.43 64.84 78.65 20.8197 1.1407 
0.816 
4 74.41 ±1.85 67.71 80.47 12.1118 0.8700 
0.404 
5 75.05 ±2.82 63.80 85.68 28.0764 1.3247 
2.256 
6 70.75 ±2.92 63.80 81.25 30.0286 1.3699 
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Table 45. Analysis of variance of percent fibers (including roots, branches, 
and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 472,9799 5.63 
Location 4 2639.8999 31.44** 
Error(A) 4 83.9700 
Age 7 67.0787 1.24 
Location x Age 15 58.0416 1.07 
Error(B) 19 54.0136 
**Significant at the 1% level. 
Table 46. Analysis of variance of percent fibers for only stems at three 
different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 267.2505 3.94 
Location 2 1432.3529 21.10* 
Error (A) 2 67.8804 
Age 7 67.0787 1.11 
Location x Age 6 64.1999 1.06 
Error(B) 12 60.4376 
*Significant at the 5% level. 
Table 47. Analysis of variance of percent fibers for stems and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 279.5056 6.18 
Location 3 966.3905 21.35** 
Error(A) 3 45.2537 
Age 7 67.0787 1.05 
Location x Age 10 90.7475 1.42 
Error(B) 14 64.1301 
**Significant at the 1% level. 
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Number of Longitudinal Parenchyma Cells 
Similar to the results for the percent longitudinal parenchyma, the 
analysis of variance for the number of longitudinal parenchyma cells per 
unit area showed no significant differences (at the 5% level) between the 
two trees, and between locations within trees (Tables 48, 49, and 50). 
However, there was a highly significant difference (at the 1% level) between 
age groups (growth rings). Location by age interaction was also highly 
significant (at the 1% level) when roots, branches, and the three different 
stem heights were combined (Table 48). This interaction was significant 
(at the 5% level) when the three different heights of the stem were analyzed 
(Table 49). But, it was not significant (at the 5% level) when branches and 
the three different stem heights were combined (Table 50). 
The mean values for each location within trees were compared to each 
other by the t-test. Due to elimination of confounding errors, it was 
found that the mean values of the locations were significantly different 
at the 1 percent probability level. Only the one-third of total stem 
height was not significantly different (at the 5% level) from the branches 
and the two-third total stem height. The number of parenchyma cells in the 
four-inch stem height was significantly higher (at the 5% level) than for 
branches. 
The mean values of the number of longitudinal parenchyma cells per 
unit area were 26.09 in the root, 39.67 in the branch, 48.23 in the four-
inch stem height, 26.23 in the one-third, and 24.08 in the two-third total 
stem heights. Thus, the number of longitudinal parenchyma cells increased 
from root to the lower part of the stem and then decreased in the upper 
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parts of the stem (Figures 21 and 22). However, when the three different 
stem heights were combined, the number of parenchyma cells per unit area 
in the stem (36.45) was not significantly different from branches or roots. 
It was slightly higher than roots and lower than branches (Figure 21). 
Horizontally, from the pith to the bark, the number of longitudinal 
parenchyma cells per unit area decreased slightly in the roots, and in the 
branches (Figure 21, Tables 52 and 53). But, the third and the fourth 
growth years had slightly high values in the branches (Table 52). In the 
stem, the number of longitudinal parenchyma cells per unit area was highly 
significant (at the 1% level) between the age groups 1 and 2, and between 
2 and 3 (Table 51). There were also significant differences (at the 5% 
level) between the age group 6 and 7, and 7 and 8 in the stem (Table 51). 
On the other hand, the decreasing number of parenchyma cells in the roots, 
and in the branches were not significant at the 5 percent probability 
level (Tables 52 and 53). Figure 22 shows the variation in the number of 
parenchyma within the three different stem heights from the pith to the 
bark. It decreased from lower part of the stem to the upper parts (Figure 
22).  
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Figure 21. Number of longitudinal parenchyma cells per unit area from 
pith to bark for stem, branch, and root 
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Figure 22. Number of longitudinal parenchyma cells per unit area 
from pith to bark for three different heights of the stem 
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Table 48. Analysis of variance of the number of longitudinal parenchyma 
cells per unit area (including roots, branches, and three 
different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 834.2604 0.13 
Location 4 10008.6341 1.60 
Error(A) 4 6262.1170 
Age 7 7713.1049 9.40** 
Location x Age 15 2704.7216 3.30** 
Error(B) 19 820.8307 
**Significant at the 1% level. 
Table 49. Analysis of variance of the number of longitudinal parenchyma 
cells per unit area for only stems at three different heights 
Source 
Degrees of 
freedom Mean square F 
Tree 1 52.2667 0.01 
Location 2 24729.0486 4.79 
Error(A) 2 5165.6320 
Age 7 7713.1049 8.80** 
Location x Age 6 2680.8164 3.06* 
Error(B) 12 876.4296 
*Significant at the 5% level. 
**Significant at the 1% level. 
Table 50. Analysis of variance of the number of longitudinal parenchyma 
cells per unit area for stem and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 857.6701 0.15 
Location 3 11734.4714 2.08 
Error(A) 3 5635.2569 
Age 7 7713.1049 8.37** 
Location x Age 10 2273.5417 2.47 
Error(B) 14 921.6646 
**Significant at the 1% level. 
Table 51, Mean values of the number of longitudinal parenchyma cells per unit area, their 
confidence limits, ranges, variances with respect to age groups, and t-test values 
for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 59.69 ±11.30 8 172 1515.7088 5.6194 
3.281** 
2 38.40 ±6.53 11 95 505.7336 3.2459 
3.133** 
3 25.90 ±4.67 3 72 258.4783 2.3206 
0.804 
4 23.13 ±5.20 0 53 207.4677 2.5462 
0.271 
5 24.19 ±6.05 1 65 280.5444 2.9609 
1.305 
6 31.50 ±10.13 9 63 361.2000 4.7513 
2.484* 
7 53.44 ±15.86 15 119 886.5292 7.4437 
2.772* 
8 27.13 ±13.93 8 62 277.5536 5.8902 
*Significant at the 5% level. 
^^Significant at the 1% level. 
Table 52. Mean values of the number of parenchyma cells per unit area, their confidence limits, 
ranges, variances with respect to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 41.25 ±16.16 5 98 920.4666 7.5848 
0.736 
2 34.75 ±9.62 14 71 326.2000 4.5153 
1.445 
3 45.18 ±12.00 12 80 507.3625 5.6311 
0.468 
4 41.63 ±12.03 30 74 206.8393 5.0848 
1.179 
5 33.37 ±11.39 21 64 185.6964 4.8179 
Table 53, Mean values of the number of parenchyma cells per unit area, their confidence limits, 
ranges, variances with respect to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 31.50 ±8.06 13 58 228.6667 3.7804 
0.157 
2 30.44 ±11.97 9 85 505.1958 5.6191 
0.079 
3 29.87 ±9.49 3 60 317.4500 4.4542 
0.829 
4 24.06 ±11.53 4 82 468.0625 5.4087 
0.000 
5 24.06 ±9.59 4 61 324.3292 4.5023 
1.387 
6 16.63 ±6.18 2 53 134.7833 2.9024 
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Number of Vessels 
The analysis of variance for the number of vessels per unit area 
showed that locations within trees were significantly different at the 5 
percent probability level when roots, branches, and three different heights 
of stems were combined (Table 54). Location by age interactions were 
highly significant at the 1 percent probability level. No significance 
was found between the two sample trees, and between age groups (Table 54). 
However, when the three different heights of the stem (Table 55), and the 
branches combined with stems (Table 56) were analyzed, no significant 
differences (at the 5% level) were found between the two sample trees, 
between locations within tree, and between age groups. On the other hand, 
location by age interactions were significantly different at the 5 percent 
probability level. 
The mean values of each location were compared to each other with the 
t-test. The results showed locations within trees highly significant at 
the 1 percent probability level. The only exception was, the one-third 
and the two-third total stem heights, where the number of vessels was not 
significantly different at the 5 percent probability level. Therefore, 
the number of vessels per unit area increased from the root (38.98) to the 
four-inch stem height (54.33) to one-third and the two-thirds total stem 
heights (i.e., 90.44, and 105.13 respectively) and into the branches 
(109.72) (Figures 23 and 24). 
Horizontally, the number of vessels in the root decreased slightly 
from center to the bark (Figure 23). Comparison between the growth rings was 
made with the t-test. It showed no significance (at the 5% level) with the 
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exception of age groups 2 and 3 in the roots (Table 59). Similar to the 
roots, the number of vessels decreased slightly from pith to bark in the 
stem (Figure 24). There was no significant differences at the 5 percent 
probability level (Table 57). However, the number of vessels were highly 
significant (at the 1% level) between age groups 1 and 2 in the stem (Table 
57). On the other hand, the number of vessels in the branches decreased 
significantly from pith to bark with the exception of age groups 3 and 4 
(Table 58). 
To summarize, the number of vessels in the branches was 44.7 and 
181.5 percent higher than stem and roots respectively (Figure 23). Also, 
the number of vessels in the stem was 94.5 percent higher than in the 
roots. Within the stem, the number of vessels increased 93.5 percent 
from lowest part to the uppermost parts of the stem (Figure 24). Hori­
zontally, the number of vessels were highest near the pith and decreased 
to the bark (Figures 23 and 24). 
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Figure 23. Number of vessels per unit area from pith to bark for 
stem, branch, and root 
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Figure 24. Number of vessels per unit area from pith to bark 
for three different heights of the stem 
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Table 54. Analysis of variance of the number of vessels per unit area 
(including roots, branches, and three different stem heights) 
Source 
Degrees of 
freedom Mean square F 
Tree 1 15,8438 0.003 
Location 4 47688.3614 10.42* 
Error(A) 4 4577.4244 
Age 7 589.9286 1.38 
Location x Age 15 2055.2960 4.82** 
Error(B) 19 426.8092 
*Significant at the 5% level. 
**Significant at the 1% level. 
Table 55. Analysis of variance of the number of vessels per unit area for 
only stems at three different heights 
Source 
begrees ot 
freedom Mean square F 
Tree 1 3760.4167 0.96 
Location 2 24204.9236 6.18 
Error(A) 2 3913.7570 
Age 7 589.9286 1.12 
Location x Age 6 2415.7407 4.59* 
Error(B) 12 525.8050 
^Significant at the 5% level. 
Table 56. Analysis of variance of the number of vessels per unit area for 
stems and branches 
Source 
Degrees of 
freedom Mean square F 
Tree 1 820.1250 0.16 
Location 3 28388.8854 5.39 
Error (A) 3 5266.8385 
Age 7 589.9286 1.07 
Location x Age 10 2029.4319 3.68* 
Error(B) 14 550.9090 
^Significant at the 5% level. 
Table 57, Mean valuep of the number of the vessels per unit area, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for stems 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 119.29 ±14.19 30 243 2391.5727 7.0586 
4.955** 
2 79.83 ±7.41 17 141 652.0567 3.6857 
1.490 
3 72.10 ±7.34 15 125 639.0740 3.6488 
1.446 
4 64.09 ±8.51 24 107 555.5716 4.1667 
1.387 
5 56.13 ±8.06 14 105 498.6290 3.9474 
1.323 
6 49.82 ±5.70 32 70 114.4292 2.6743 
0.545 
7 47.31 ±7.93 20 77 221.6958 3.7223 
0.044 
8 47.50 ±5.33 33 62 40.5714 2.2520 
**Slgnificant at the 1% level. 
Table 58. Mean values of the number of vessels per unit area, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for branches 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 171.75 ±20.68 96 227 1506.2000 9.7024 
6.067** 
2 109.37 ±7.25 85 136 185.4500 3.4045 
5.260** 
3 80.75 ±9.04 50 112 288.2000 4.2441 
0.508 
4 83.50 ±7.94 68 94 90.2857 3.3594 
2.868* 
5 70.50 ±7.19 55 79 74.0000 3.0414 
*Signifleant at the 5% level. 
**Signifleant at the 1% level. 
Table 59. Mean values of the number of vessels per unit area, their confidence limits, ranges, 
variances with respect to age groups, and t-test values for roots 
Confidence 
Limits (at the Range Standard 
Age Mean 5% level) Minimum Maximum error of t-test 
group (%) (%) (%) (%) Variance mean values 
1 60.88 ±15.55 40 158 852.2500 7.2983 
2.019 
2 45.12 ±5.90 22 59 122.7833 2.7702 
2.763** 
3 35.69 ±4.25 25 48 63.5625 1.9932 
1.888 
4 30.19 ±4.53 13 46 72.1625 2.1237 
0.128 
5 30.63 ±5.74 10 51 115.9833 2.6924 
0.203 
6 31.37 ±5.22 16 48 95.8500 2.4476 
**Slgnlficant at the 1% level. 
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Anatomical Description 
Introduction 
The key point concerning the anatomy of hardwoods Is their complexity 
in structure. Hardwoods have more cell types (i.e., vessels and vessel 
elements, longitudinal parenchyma, vascular and vaslcentrlc tracheids, fiber 
tracheids, libriform fibers, septate fibers, gelatinous fibers, and ray 
parenchyma cells) in many more different proportions than in coniferous 
woods which have simple structure with longitudinal tracheids making up 
more than 90 percent of their composition. Also, in hardwoods having 
vessel elements and rays of various widths, the longitudinal cells do not 
show the radial alignment on the cross-section as in softwoods. 
More demand for wood and wood fibers has forced Industry to use more 
hardwoods. Therefore, Identification of wood species is important to the 
wood users. Also, an anatomical description of wood is a basic tool for 
archaeologists in their studies. In this section, the aim is to achieve a 
description of the wood (secondary xylem) anatomy of European black alder, 
Alnus glutinosa L. Gaertn. Therefore, photos illustrating Important 
characteristics and observations are presented to aid in the identification 
of stem, branch and root wood. To do this, the characteristics of growth 
rings, cell types, and their pattern of distribution in the stems, branches, 
and roots were examined. 
Growth rings 
Growth rings are successive rings around the pith which appear on the 
cross-section of trees growing in temperate zones. They are also called 
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anniial rings, or growth increments. Each growth ring represents the total 
amount of xylem accumulated by the vascular cambium for any given year. 
However, growth rings in trees growing in a tropical region cannot be 
distinguished because the vascular cambium is active year around. 
European black alder has distinct growth rings in the stem and branch 
(Plate la), but they are less distinct in the root (Plate lb). Plate la 
shows that the cells closer to the boundary of growth ring are smaller in 
radial diameter than succeeding years, and three rows of cells at the end 
of the growing season make a distinct band. On the other hand, in the 
roots, only one row of cells form the band at the end of the growing 
season, and diameter of the fibers does not change between the preceding 
and succeeding years (Plate lb). In the stem and branch, the growth 
rings have distinct dip at the aggregate rays (Plate 2a). In the root, 
this dipping is less pronounced (Plate 2b). 
The presence of false rings has been reported in the roots of European 
black alder (Patel, 1965). In this study, one false ring was found in the 
1974 growing season (Plate 3b). False rings are not normal growth rings, 
but appear as bands of late wood. They can be distinguished from normal 
rings (Plate 3a) by the gradual transition in both directions from the 
band (Plate 3b). On the other hand, in a normal growth ring, there is a 
gradual transition only on the pith side of the ring (Plate 3a). Also, 
the cells in the successive growth ring are larger in diameter and have a 
sharply defined boundary (Plates 1 and 3a). 
Detecting false rings is important when estimating the age of a tree, 
or studying past climatic conditions of an area (Dendrochronology). The 
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more accepted causes of false rings are: late frosts resulting In temporary 
defoliation. Insect infestation, or drought followed by suitable growth 
conditions. Panshin and DeZeeuw (1970) report that the formation of false 
rings is caused by decreased auxin production because of an interrupted 
terminal activity in the tree. They also report that false rings are 
formed in the upper crown of the tree and may not extend to the lower part. 
However, false rings did extend from the upper crown to the base and even 
into the foot in this study. It was found that the false ring was most 
conspicuous in the upper crown, upper side of the branch, and in the 
roots, and it was least conspicuous at the four-inch height of the stem. 
Vessels 
Vessels are tube-like structures in the wood which function as 
conductors of water and nutrients from the roots to the leaves. Vessels 
have Indefinite lengths and are made up of many component cells which are 
called vessel elements, vessel segments, or vessel members. Because of 
the vessels, hardwoods are called porous woods. The pattern of distribu­
tion of vessels in hardwoods is an important characteristic for utilization 
and identification. If the vessels are distributed uniformly throughout 
the annual ring and are uniform in size, the wood is called diffuse-porous 
(Plates 4 and 5). When the vessels formed at the beginning of the season 
are much larger than those produced later, the wood is said to be ring-porous. 
European black alder is a diffuse-porous hardwood (Plates 1,2,4, and 5). 
Vessel diameters are fairly uniform, and there is an even distribution 
throughout the growth ring (Plates 5 and 6). The arrangement of vessels 
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is the same in the roots, stems, and branches, but their proportions are 
different. This has been discussed earlier in this paper. The vessels 
are arranged as radial multiples, or solitary (Plates 4 and 5). However, 
the radial multiples are more frequent in the stem, and solitary are more 
frequent in the roots. 
Another important feature of vessels for wood identification is 
intervessel pitting. Intervessel pitting in European black alder is 
alternate (Plates 7a, 8b, 9b, and 20b) with pits arranged in diagonal 
rows (Plates 7 and 8). Opposite pits, scalariform pits, or combinations 
of those are present in other hardwood species but not in black alder. 
For example. Magnolia spp. is diffuse-porous and has scalariform pitting. 
Nyssa spp. is also diffuse-porous and has opposite pitting. Thus, 
intervessel pitting is an obvious tool for wood identification. The roots, 
stems, and branches of European black alder have strictly alternate inter­
vessel pitting. 
In addition to the arrangement of vessels and intervessel pitting, the 
kinds of openings in the common walls of elements of the same vessel are 
also important in the identification of wood. The common end-walls of 
vessel members are called perforation plates, and the openings between the 
vessel members are said to be vessel perforations. Vessel perforations in 
hardwoods are either a round opening called a simple perforation plate, or 
more than two openings which are called a scalariform perforation plate. 
European black alder has scalariform perforation plates in its root, stem, 
and branch (Plates 8a, 10, 11, and 12a). The number of openings was found 
in this study to be up to 14 (Plate 8a). Both multiperforation plates. 
122 
which are subdivided perforation plates and normal scalariform perforation 
plates, are reported in European black alder (Parameswaran and Liese, 1973). 
Plate 12a shows a subdivided scalariform perforation plate. In the scalari­
form perforation plate the openings are separated by thickened bands of the 
cell wall called bars (Plate 11). The bars are simply the compound middle 
lamella and the two secondary walls of the adjacent vessel elements. The 
bars run parallel to each other and up to 13 bars were counted in the 
scalariform perforation plates (Plate 8a, 10, and 11). 
No tyloses was found in the stem, branch, or root (Plates 4, 5, and 6). 
Tyloses formation is believed to be one of the processes occurring with the 
transformation of sapwood to heartwood in many hardwood species. In this 
study, the sample trees were too young (i.e., up to eight-years-old) to make 
any distinction as to whether tyloses formation in European black alder is 
normally present in heartwood. 
Fibers 
The term fiber is falsely used for any type of wood cell including a 
vessel, vascular tracheid, fiber tracheid, longitudinal parenchyma, and 
ray cells. Actually, the word fiber is a specific term which applies to 
long, narrow cells with closed ends other than tracheids. Fibers in 
European black alder were non-septate (Plate 13). The proportion of fibers 
in roots is higher than in the stems and branches. However, fibers in the 
roots were thin-walled and of larger diameter than in stems (Plates 1, 2, 
4, 5, 6, and 14). 
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Gelatinous fibers 
The secondary wall of a normal fiber consists of three layers : a thin 
outer layer (Sj), a thick central layer (Sg)> and a thin inner layer (S^)• 
The anatomical characteristic of gelatinous fibers is the presence of a 
gelatinous layer (G-layer). The gelatinous fiber consists of three known 
different cell wall organizations: + Sg + + G, + Sg + G, or 
Sj + G. In European black alder, gelatinous fibers were found on the upper 
side of the branches (Plates 15 and 16). However, not all fibers on the 
upper side of the branches had gelatinous layers (Plate 17). Gelatinous 
fibers were found either as a group of cells or as single cells among the 
normal fibers. Also, few gelatinous fibers were found in the upper crown 
area of the stem, and no gelatinous fibers found in the roots. Chloro-
iodide of zinc staining caused the gelatinous layer to swell into the 
lumen and it was often separated from the secondary wall (Plates 15, 16, 
and 17a). 
Longitudinal parenchyma cells 
The distribution of longitudinal parenchyma in the stem, branch, and 
root has been discussed earlier (Figures 15 and 16). The longitudinal 
parenchyma cells were fairly abundant in the stem, roots, and branches of 
European black alder (Plates 1, 2, 4, 6, and 14). They occurred in many 
types: apotracheal-diffuse, in which it is independent of the vessels 
(Plates 1, 5, and 13); paratracheal where the parenchyma is associated with 
the vessels (Plates 6, 10, 12a, and 18b); and in short tangential lines 
(Plates 5 and 14). The end wall between two adjacent parenchyma cells is 
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smooth (Plate 13) with simple pits, or somewhat nodular (Plate 9a). The 
longitudinal parenchyma cells appeared to be full of stored food materials, 
possibly starch grain (Plates 14, 18b, and 19). 
Rays 
Rays in European black alder are of two types; aggregate and uniseriate 
or occasionally biseriate (Plates 2 and 6). The rays are mostly homogeneous 
with the ray parenchyma cells procumbent (Plate 20). The heterocellular 
rays with upright and procumbent were also observed. Cross-field pitting 
between ray cells and the vessels is numerous (Plate 12). The height of 
rays is reported as high as 50 cells but, in this study, a maximum of 38 
cells high was found. Because of its aggregate rays, European black alder 
has a good figure when quarter cut (Anonymous, 1942). 
Transverse section of Alnus glutlnosa L. Gaertn. showing the 
boundary of the annual ring, and diffuse-apotracheal parenchyma 
cells 
a. For stem (140x) 
b. For root (140x) 
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Plate 2. Transverse section of Alnus glutlnosa L. Gaertn. showing the 
aggregate rays, and dipping of the boundary of the annual ring 
a. For stem (lAOx) 
b. For root (140x) 

Plate 3. Transverse section of Alnus glutlnosa L. Gaertn. from the upper 
part of the stem 
a. Normal ring (140x) 
b. False ring (140x) 

Plate 4. Transverse section of Alnus glutinosa L. Gaertn. showing 
uniseriate rays, longitudinal parenchyma cells, and arrangement 
of vessels 
a. For stem (140x) 
b. For root (lAOx) 
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Transverse section of Alnus glutinosa L. Gaertn. showing wood 
rays, longitudinal parenchyma cells, and fibers (SEM photo­
micrographs) 
a. For stem (300x) 
b. For root (300x) 
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Plate 6. Transverse section of Alnus glutlnosa L. Gaertn. showing wood 
rays, and longitudinal parenchyma cells in the root 
a. Uniseriate rays (140x) 
b. Biseriate rays (SEM photomicrograph) (300x) 

Plate 7. Tangential section of Alnus glutinosa L. Gaertn. showing pitting 
on the vessel walls (SEM photomicrographs) 
a. Alternate intervessel pitting (1800x) 
b. Bordered pits (lOOOx) 
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Plate 8. Radial section of Alnus glutinosa L. Gaertn. stem wood 
a. Scalariform perforation plate (560x) 
b. Alternate intervessel pittings (560x) 
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Plate 9. Tangential section of Alnus glutinosa L. Gaertn. stem wood 
a. Longitudinal parenchyma cells, and uniseriate rays (480x) 
b. Alternate intervessel pitting (560x) 
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Transverse section of Alnus glutlnosa L. Gaertn. root showing 
scalariform perforation plates, and paratracheal longitudinal 
parenchyma 
a. SEM photomicrograph (1170x) 
b. SEM photomicrograph (lOOOx) 
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Plate 11. Scalariform perforation plates In the stem of Alnus glutinosa 
L. Gaertn. 
a. SEM photomicrograph. Tangential section (1500x) 
b. End of the vessel members from macerated stem wood showing 
a scalariform perforation plate and cross-field pitting 
(560x) 

Plate 12. Photographs from macerated wood of Alnus glutlnosa L. Gaertn. 
a. Cross-field pitting on vessels; longitudinal parenchyma 
cells; fibers; and alternate intervessel pitting (560x) 
b. Cross-field pitting on vessel member (560x) 
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Plate 13. Photographs from macerated wood of Alnus glutinosa L. Gaertn. 
a. Apotracheal-diffuse longitudinal parenchyma cells with 
smooth end wall (640x) 
b. Fibers and apotracheal-diffuse longitudinal parenchyma 
cells with smooth end wall (560x) 
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Plate 14. Transverse section of Alnus glutinosa L. Gaertn. showing 
fibers, uniseriate rays, and longitudinal parenchyma cells 
with starch grain in the root 
a. SEM photomicrograph (600x) 
b. SEM photomicrograph (lOOOx) 
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Plate 15. Transverse section of Alnus glutinosa L. Gaertn. showing 
gelatinous fibers with gelatinous layer swollen into the 
cell lumen. Section was stained with chloro-iodide of zinc 
a. Tension wood fibers (560x) 
b. Tension wood fibers (1400x) 
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Plate 16. Transverse section of Alnus glutinosa L. Gaertn. showing 
tension wood fibers 
a. SEM photomicrograph showing the separated gelatinous 
layer (G-layer). Sample was treated with chloro-
iodide of zinc then dried (3000x) 
b. Tension wood showing the gelatinous layer swollen 
into the cell lumens (lAOOx) 
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Plate 17. Transverse section of Alnus glutinosa L. Gaertn. showing 
the normal wood fibers and tension wood fibers when they 
were stained both with chloro-iodide of zinc 
a. Gelatinous fibers with swollen gelatinous layers 
(1400%) 
b. Normal fibers no layers swollen into the cell 
lumens (1400x) 
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Plate 18. SEM photomicrographs of Alnus glutlnosa L. Gaertn. showing 
tangential section 
a. Ray parenchyma cells full of storage materials probably 
starch grain (300x) 
b. A longitudinal parenchyma cell (lOOOx) 
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Plate 19. Transverse section of Alnus glutinôsa L« Gaertn. showing a 
longitudinal parenchyma full with speherical shaped starch 
grain 
a. SEM photomicrograph from stem wood (9000x) 
b. SEM photomicrograph from root (3900x) 
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Plate 20. Radial and tangential view of Alnus glutinosa L. Gaertn. 
a. Radial view with procumbent ray parenchyma cells (560x) 
b. Tangential view showing uniseriate rays, and intervessel 
pitting (140x) 
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DISCUSSION 
European black alder (Alnus glutinosa L. Gaertn.) has gained increasing 
interest from foresters and agriculturists. Because of its nitrogen fixing 
ability in the root nodules, foresters have become more interested in 
Alnus glutinosa L. Gaertn. This ability distinguishes it from an infinite 
number of other species, clones, and hybrids. By concentrating on a few 
promising species such as European black alder, limited time and support 
can be better utilized. However, European black alder must be clearly 
understood both biologically and anatomically before it can be utilized as 
a forest tree species. 
Some of the known characteristics of European black alder have been 
documented in the literature review of this paper. However, the author 
believes that more work needs to be done because its chemistry, disease 
resistance, nitrogen fixing ability, and growth characteristics are not 
fully understood. For example, even though the nitrogen relation is the 
most important aspect of European black alder as a soil-improving tree, and 
its root nodules were first recorded in 1829 and nitrogen fixing ability in 
1896, the formation of effective nodules and the true causal organism, the 
endophytes, have not yet been discovered (Bond, 1967). The endophyte is 
assumed to be an actinomycete, but it has not been isolated in pure culture. 
Forests on nitrogen-deficient soils are of great concern to foresters 
because of poor establishment and growth of desirable vegetation. European 
black alder has proven to be a soil improving species, thus, improving the 
yields of other species when planted in mixed or alternate plantations. 
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However, the relationship between European black alder and yield improvement 
on other tree species is not clear enough. Thus, additional information on 
those relationships is needed. 
European black alder's ability to grow under a wide range of climatic 
and soil conditions is well-accepted (McVean, 1953; Bond, 1958; Dale, 1963; 
and Kayacik, 1967). It is not sensitive to sheep grazing and is resistant 
to wind throwinp (McVean, 1953 and McVean, 1956). However, more information 
is needed regarding its disease and insect resistance before large scale 
plantations are considered. American elm (Ulmus americana) trees killed by 
Dutch elm disease are evidence of the importance of disease resistance. 
Another well-accepted characteristic of European black alder is its fast 
growth, but more information on fiber production (mass dry weight per unit 
area per year) is needed. European black alder has been used as a soil-
improving tree species but not actually as a source of fiber. Therefore, 
in Europe, it has been clipped after it has prepared the site for the 
desired timber trees. While Kohnke (1941) and Dale (1963) suggested 
clipping European black alder, the increasing interest in short rotation 
for mass fiber production may lead to the utilization of European black 
alder. 
In this paper, the wood properties of European black alder were 
studied to aid tree breeders in their selection and for further industrial 
use. Tlie roots, branches, and three different stem heights were examined 
to meet the whole-tree utilization concept. Specific gravity (green 
volume basis), fiber length and the proportion of wood elements including 
percent rays, percent longitudinal parenchyma, percent vessels, and percent 
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fibers were studied. Also, the number of longitudinal parenchyma cells 
and the number of vessels per unit area were counted. Their mean values 
are given in Table 60 for each location within a tree. No significant 
difference was found between trees. However, some difference between 
locations is expected (see results). Because the formation and growth 
of wood is a biological action, wood will vary depending upon the age of 
the plant and the conditions under which it grew. More importantly, the 
wood may vary according to its location in the tree. 
Specific gravity was lowest in the root and increased slightly from 
the base to the top of the tree. Branch specific gravity was higher than 
the lower parts of the stem and the root. Similarly, Hamilton et al. (1976) 
found that limb specific gravity was greater than stem in red oak (Quercus 
rubra L.) and black cherry (Prunus serotina Ehrh.). Specific gravity 
increased with height in the stem of young river birch (Betula nigra L.) 
(Hicks, et al., 1974). On the other hand, specific gravity decreased with 
increasing height in the stem of Pinus ponderosa (Markstrom and Yerkes, 
1972). In European black alder, branch and root specific gravity were 
strongly correlated with fiber length. Percent vessels was negatively and 
strongly correlated with specific gravity in the branch. A negative and 
strong correlation existed between percent longitudinal parenchyma and the 
specific gravity in the root. Thus, any improvement on increasing specific 
gravity would not effect undesirable wood properties in Alnus glutinosa L. 
Gaertn. Taylor (1975) reports that specific gravity and the proportion of 
ray tissue are positively correlated in sycamore (Plantanus occidentalis L.), 
but percent rays was not correlated with specific gravity in Alnus glutinosa 
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L. Gaertn. 
Fiber length in European black alder was highest in the root and 
decreased from the lower parts of the stem, through the crown, and into 
the branches. It increased from the pith to the bark. Similar findings 
have been reported for many other species (Thorbjornsen, 1961; Isebrands, 
1969; and Cheng, 1976). Percent vessel in the branch and percent longitudi­
nal parenchyma in the stem and root were negatively correlated with fiber 
length. Fiber length was not correlated with percent rays. Similar to the 
specific gravity, any improvement in fiber length would have no effect on 
undesirable wood properties. 
Studies concerning variation in the proportion of wood elements may 
have been considered of academic importance only. However, they are 
becoming increasingly practical as hardwood species are being used more. 
Especially, in tree Improvement programs, the proportion of wood elements 
gives more information about a tree than does the specific gravity and fiber 
length. Isebrands and Bensend (1972) concluded that Eastern cottonwood 
(Populus deltoides Bartr.) produced tension wood even when it grew straight. 
Similar results were found in selected young Populus clones (Cheng, 1976). 
Tension wood in European black alder does not appear to be a problem. Tt 
may be that the sample trees were too young to develop gelatinous fibers 
(Bensend, 1972), or the gelatinous fibers had no gelatinous layers, which 
was a form of incipient tension wood (Barefoot, 1963). Percent vessels and 
the number of vessels increased from the root to the lower part of the stem 
through the crown. The high percent vessels in the upper parts of the stem 
may be caused by decreased stem diameter and the vessel connections into the 
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branches. In contrast to the general belief and what Patel (1965) speculated 
in European black alder, four-inch stem height had the highest percent 
longitudinal parenchyma. This occurs when storage material is mostly de­
posited near the base of the stem for easy transportation both up and down. 
The other important feature in European black alder was that percent fibers 
were either negatively, poorly, or not correlated with the undesirable wood 
elements (i.e., percent rays, percent longitudinal parenchyma, and percent 
vessels). Per cent fibers in the root were highest and appeared to be 
large in diameter and thin-walled. Probably, the root fibers function in 
conduction as well as supporting tissue. 
The permeability of wood to a liquid is very important. For example, 
gum deposition and tyloses formation in hickory vessels (Carya tomentosa) 
cause high resistance to liquid penetration (Thomas, 1976). In addition, 
Thomas (1976) concluded that when vessels were surrounded by longitudinal 
parenchyma, penetration was even more difficult because of the lack of a 
direct communication with the fibers. European black alder showed no 
tyloses formation and the vessels were not completely surrounded by the 
longitudinal parenchyma cells. 
The roots, stem, and branches of European black alder had similar kind 
of cell types with the exceptions that the roots contained no gelatinous 
fibers and did not have growth rings as distinct as the stem and branch. 
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Table 60. The average mean values of various wood properties for root, 
branch, and three different stem heights 
WOOD STEM 
PROPERTY A* B° CC BRANCH ROOT 
Percent rays 16.37 12.90 13.94 15.63 11.70 
Percent longitu­
dinal parenchyma 
1.36 0.60 0.59 0.96 0.74 
Percent vessels 17.00 28.88 28.97 21.39 15.30 
Percent fibers 65.27 57.62 56.50 62.02 72.29 
Number of vessels 
(unit area) 
54.33 90.44 105.13 109.72 38.98 
Number of longi­
tudinal parenchyma 
cells (unit area) 
48.23 26.23 24.08 39.67 26.09 
Fiber length (mm) 0.89 0.89 0.80 0.80 0.92 
Specific gravity 
(green volume basis) 
0.42 0.43 0.43 0.43 0.25 
= at four-inch stem height. 
B = at 1/3 of total stem height. 
= at 2/3 of total stem height. 
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SUMMARY AND CONCLUSIONS 
A study of comparative anatomy and related wood properties of two 
European black alder (Alnus glutinosa L. Gaertn.) trees was conducted using 
the roots, branches, and three different stem heights. Specific gravity 
fiber length, percent rays, longitudinal parenchyma, vessels, and fibers, 
and the number of longitudinal parenchyma cells and vessels per unit area 
were investigated. These variables were evaluated for three locations 
within the stem of the tree (vertically), and for age groups (growth rings) 
within locations (horizontally). In addition, a descriptive anatomy of 
root, branch, and stem wood was developed. 
Specific gravity (green volume basis) was measured by the maximum 
moisture content technique; fiber length was determined from macerated wood 
using an image projected by a microscope-prism combination; and the propor­
tion of wood elements was determined by projecting photographic slides on a 
dot-grid system. The number of parenchyma cells and vessels per unit area 
were obtained by counting the number on each photographic slide. 
The variations between trees, locations within trees, and between age 
groups (growth rings) were analyzed with the generalized least squares method 
(GLM procedure; SAS76). In addition, t-tests were used to compare the means 
of various wood properties, and the correlation coefficient between the 
various wood properties were studied. 
Sample trees ranged up to eight-year-old which can be considered as 
juvenile wood. Therefore, the results of this study may not apply to mature 
trees. The average mean values of various wood properties are summarized 
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in Table 60 for roots, branches, and three different stem heights. 
Specific Gravity 
1. Specific gravity was lowest in the roots and increased slightly from 
the lower to the upper part of the stem and into branches. 
2. From the pith to the bark at a given location within a tree, specific 
gravity increased slightly in root, stem, and branch. 
3. The percent longitudinal parenchyma in the roots and percent vessels in 
the branches were negatively and strongly correlated with specific 
gravity. Percent rays was uncorrelated with specific gravity in the 
roots, stems, or branches. 
4. Fiber length was positively and strongly correlated with specific 
gravity both in roots and branches. 
Fiber Length 
1. The mean fiber length was highest in the roots, and it decreased from 
the lower to the uppermost parts of the stem and into the branches. 
2. Fiber length in the stem and branches increased sharply from the pith 
to the third growth year and then leveled off. 
3. Fiber length was slightly higher, but not significantly, on the upper 
side of roots and lower side of branches than on opposite sides. 
4. Percent longitudinal parenchyma in the stems and roots, and percent 
vessels in the branches were negatively correlated with fiber length. 
Percent rays was uncorrelated with fiber length in the stem, branch, 
and root. 
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Percent Rays 
1. Percent rays was highest in the lowest part of the stem and lowest 
in the roots. 
2. From the pith outward, percent rays decreased slightly and then 
increased slightly to the bark in the stem and branches. 
3. The relationships between percent rays and the various wood properties 
were either uncorrelated, or poorly correlated. 
4. Locations within trees had a significant effect on percent rays. 
Percent Longitudinal Parenchyma 
1. Percent longitudinal parenchyma was highest in the lower part of the 
stem and decreased sharply towards the upper parts. 
2. From the pith to the bark, percent longitudinal parenchyma decreased 
slightly. 
3. Percent longitudinal parenchyma in the branches was higher than in the 
roots and upper parts of the stem. 
4. Percent longitudinal parenchyma was poorly correlated with percent 
vessels in the branches and stem, and uncorrelated in the roots. 
Percent Vessels 
1. Locations within trees had a significant effect on percent vessels. 
2. Percent vessels was lowest in the roots and highest in the upper parts 
of the stem. 
3. From the pith to the bark, percent vessels decreased slightly. 
4. Percent vessels was negatively and strongly correlated with percent 
fibers in the roots, stems, and branches. 
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Percent Fibers 
1. Percent fibers was highest in the roots and decreased from the lower to 
the upper parts of the stem. 
2. Locations within trees had a significant effect on percent fibers. 
3. From the pith to the bark, percent fibers increased slightly. 
4. Percent fibers in the first growth ring was significantly lower than in 
the second growth year both in stem and branch wood. 
5. Percent fibers was negatively correlated with the number of vessels per 
unit area in root, stem, and branch wood. 
6. The amount of gelatinous fibers did not appear to be an important 
feature. 
Number of Longitudinal Parenchyma Cells 
1. The uppermost part of the stem had the lowest number of parenchyma cells 
per unit area, increasing towards the lower parts of the stem then 
decreasing into the roots. 
2. Growth ring had a significant effect on the number of parenchyma cells 
per unit area. 
3. In the stem, the number of parenchyma cells decreased sharply from the 
pith to the bark. 
4. The number of parenchyma cells was positively correlated with the 
percent longitudinal parenchyma. 
Number of Vessels 
1. Locations within trees and age had a significant effect on the number of 
vessels per unit area. 
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2. The number of vessels was lowest in the roots and increased from the 
lower to upper parts of the stem and into the branches. 
3. From the pith to the bark, the number of vessels decreased sharply in 
the first two growth rings. 
4. The number of vessels was positively correlated with percent vessels. 
Descriptive Anatomy 
Growth ring; distinct in the stem and branch, less distinct in the 
root and dipping at the aggregate rays; false rings: if present, very 
distinct in the crown and upper sides of branches and roots. 
Vessels ; numerous; solitary and radial multiples; alternate intervessel 
pitting; scalariform perforation plates up to 13 bars. 
Longitudinal parenchyma cells; apotracheal-diffuse; paratracheal-
diffuse; short tangential lines; aggregate; marginal. 
Fibers ; large diameter and thin-walled in the roots; gelatinous fibers 
may be present in the stem but mostly on the upper side of the branches. 
Rays; aggregate; uniseriate and rarely biseriate; homocellular and 
occasionally heterocellular. 
European black alder (Alnus glutinosa L. Gaertn.) could be planted as 
a short rotation species for intensive fiber production or for soil quality 
improvement. It is capable of fast-growth, regeneration from stump sprouts, 
fixing atmospheric nitrogen, and growing on a wide range of soils and under 
diverse climatic conditions. Its wood properties are comparable to many 
hardwood species and, thus, it can be utilized by industry as a fiber 
resource. 
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